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FOREWORD

This document describes work performed at Philco-Ford under Task 2, '"Wake
Structure Measurements" of Advanced Penetration Problems, ARPA Order 888,
monitored by SAMSO under contract F04701-68-C-0032, in the period

15 October 1967 to 15 October 1968, Certain subtasks of this work have,
upon completion, been issued under separate cover as SAMSO technical
reports for the purpose of document ing information in detail beyond that
required contractually in monthly, semiannual, or final reports. These
teclinical reports, already supplied to the appropriate SAMSO and ARPA
personnel according to the pertinent distribution channels, are for
brevity referred to frequently in the present document. Theyv are:

(1) "Turbulent Front Structure of an Axisymmetric
Compressible Wake', Philco-Ford Publication
Number UG-4259, SAMSO TR 68-44, 15 November 1967.

(2) '"Mean Flow Measurements in a Self-Preservine
Turbulent Plasma Jet' SAMSO TR 68-166,
February 1968,

(3) "Turbulent Mean-Flow Measurements in a Twoe-
Dimensional Compressible Wake', Philco-Ford
Publication Number UG-4431, SAMSO TR 68=-369
October 1968.

’

This technical report has- been reviewed and is approved,

R. W. Padtfield, Lt., USAF
Advanced Penetration Problems
Project Officer



ABSTRACT

This report summarizes experimental work done in the period 15 October 1967
to 15 October 1968 on the structure of compressible turbulent wakes and
turbulent plasmas. Detailed point measurements in the two dimensional
wake, made very tar from the body, have fully confirmed the predictions

of the Dynamic Equilibrium Hypothesis regarding the asymptotic values ol
the velocity and temperature fluctuation and the statistics of the inter-
face. For flight at angle of incidence radical changes in the wake struc-
ture have been observed, while heat transferred trom the model to the flow
was found to delay greatly the onset of ' ansition to turbulence. In the
plasma jet transition zone the remnants ol the laminar fluid create a
turbulent fluid of highly heterogeneous electron density with hithercto
unexpected statistics. The longitudinal scales ot the clectrons are

larger than those of the temperature but numerically not nmueh dotteren?
from low=speed turbulence scales. The electron density tlustuations alwavs
predominate the temperature {luctuat ions especially at the higher tre-
quencies. Spectral decay obtains a (-5/3) range for the temperature but
this behavior is not observed tor the electrons,
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SECTION 1

SUMMARY OF MAJOR ACCOMPLISHMENTS AND CONCLUS1ONS

1.1 OBJECTIVES
The objectives of this work can be summarized as follows:

(1) The general objective is to predict the turbulence
structure of the wake behind a vehicle moving in
the atmosphere at hypersonic speeds.,

(2) The specific objectives are (a) to measure
exper imentally the ncutral gas dynamical features
of turbulent compressible wakes such as the
mean, intermittent, turbulent, and eddy magni-
tude distributions of velocity, density, and
temperature a~d to map the statistical features
ot these var‘ables, such as correlation and
spectral functions; (b) to assess the importance,
on these turbulence features, of reallistic re-
entry phenomena such as angle of attack and heat
and mass transfer; (c¢) to measure the corresponding
features of turbulent plasmas with the aim of
establishing functional relationships between
gasdynamical and electronic phenomena such as
electron density, and gas velocity and temperature;
and (d) to unity these results into laws not
contradicting other available experimental results
and to extend these scaliny, laws for hvpersonic
wake predictions through the basic flisht parameters
such as drag and altitude.

1.2 GUIDE TO THE PRESENT REPORT

This report covers work toward the cited objectives performed trom

15 October 1967 to 15 October 1968, and discusses five ma jor experiments
at various stages of completion, In Section I, the status of these exper-
iments is given in tabular form and major conclusions drawn from them are
discussed as affecting hypersonic wake calculations.,

Section II deals with turbulence measurements in a two-dimensional com-
pressible wake without heat transfer or incidence effects (designated
WED), and Section III with the intermittency properties of the same wake.
The WED mean flow was measured in the 1966-1967 period, analyzed in the
current period and reported in a separate SAMSO technical report
(Reference 1). Since the latter report has been printed and distributed
to SAMSO, Aerospace, and ARPA, it is referred to herein only in abstract
form (Paragraph 1.3) for brevity,

Section IV discusses the turbulence and intermittency measurements in the
plasma jet experiment (designated JEA). The JEA mean tlow, measured in

afi=



the 1966-1967 period, was also analyzed in the current period and a SAMSO
technical report (Reference 2) to this effect has been distributed as above,
It is abstracted in Paragraph 1.3.

Section V discusses the wake at angle of attack (designated WEF) and
Section VI the wake with heat transfer (WEG), and finally, Section VII
presents recent developments in techniques and facilities devoted to this
work and accounts for other such "logistics'" of the pro ject.,

1.3 MAJOR ACCOMPLISHMENTS AND CONCLUS IONS

In the current period, the WED mean flow has well substantiated the earlier
conclusions (Reference 3) that the mean axial velocity and the ambient wake
temperatures are a Gaussian function of the wake radius. The abstract of
Reference 1 states: '"Excellent correlation of the lateral (radial) dis-
tribution of axial velocity is obtained when the lateral distance is
divided by the transverse wake scale which is formed from the measured
velocity defect., The latter is found to decay as the inverse squere root
of distance for the entire range of about 1850 virtual model thicknesses
mapped; the transverse scale thus increases as the square root of distance.
In the latter half of this range, the lateral distribution of static tem=
perature also appears to correlate in the same lateral coordinate, and the
temperature defect also decays as the inverse square root of distance. It
is demonstrated that these results are accurately predictable from a basic
similarity analysis beginning with Townsend's measured velocity decay on
the axis; the turbulent Reynolds number of 13,0 agrees closely with
Townsend's 12.5. The corresponding Prandtl number found lies in the range
from 0.65 to 0.70." Implications of these statements are that the com-
pressible wake is predictable, in the mean, on tlic pasis of the local
(inviscid) wake conditions and independently of the body shape (onlv the
drag matters). The turbulent Reynolds number is now well settled, and for
the axisymmetric wake the Prandtl number is, of course, higher than 0,70
(it is 0.83, according to Reference 3).

The expected pronerties of the tucbulent front (boundary) have been
abstracted in Reference 4: '"Intermittency measurements have been performed
within the first one hundred virtual diameters of an axisymmet.ic com-
pressible wake. The primary measurements, performed with the hot-wire
anemometer, concerned the intermittency factor and the irequency of zero
occurrences., The intermittent flow covered most of the wake profile but
for a narrow region about the axis, and was fcund to be normally distributed
around the average front position, The latter, along with the extent of
the front standard deviation, was found to agrce numerically with expecta-
tions based on low speed wakes and to grow as the 1/3 power of axial
distance. A week periodicity of the front was detected at a wavelength
about nine times greater than the longitudinal scale of turbulent velocity
fluctuations. This periodicity affects the turbulent spectra." In the
two-dimensional wake experiments done in the current period, these con-
clusions were soundly reinforced (Section III) regardless of the character-
istic growth (as the 1/2 power of distance) of the front scales for
two-dimensional geometries.
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Extremely important conclusions affecting the hypersonic wake turbulence

were drawn in the current period from the WED turbulence studies detailed in
Section II. The Dynamic Equilibrium Hypothesis had already been demonstrated
to apply during the axisymmetric wake experiments (designated WEB) done in
1966-1967 (see References 5 and 6), and the same conclusion is now drawn

from Section III. Specifically:

(1) The Strong Reynolds Analogy holds (i.e., given the
velocity fluctuations one can compute the density
or temperature fluctuations).

(2) The mass-flux and total temperature fluctua:ions
are uncorrelated; the velocity and temperature are
almost everywhere perfectly anti-correlated.

(3) On the axis, the velocity fluctuations become
asymptotically 38 percent of the axis mean velocity;
the temperature fluctuations become 45 percent of
the temperature '"deficit'" across thc wake.

There "ave also been phenomena observed differing substantially from
previous expectations:

(1) The radial position of maximum velocity fluctuatioans
(at a given distance behind the body) does not
correspond to the maximum shear region (in contrast
to WEB; see Retference 53),

(2) The radial distribution of the velocity fluctuation
extends much farther out from the axis than the
comparable low-speed fluctuations,

(3) It is possible to obtain fluctuation intensities which
are larger in magnitude than the local velocity or
density 'deficits", The latter, therefore, do not
indicate the absolute maximum attainable by the
fluctuations as previously thought.

Although the angle-of-attack and heat-transfer data are not fully reduced
three important conclusions are drawn from Sections V and VI

(1) Even small angles of attack at moderate Mach numbers
make the wake resemble a shear layer and create
severe departures from the above conclusions.

(2) The boundary (front) structure, measured by the
local wake thickness, is unaffected by heat transfer,

(3) Heating the body stabilizes the wake and greatly
displaces (downstream) the transition region. This
fully verifies stability predictions (Reference 7)
which also predict destabilization by cooling.
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The conclusions drawn from work done in the current period with the turbulent
plasma are now entering the phase of practical application. Reference 2
summarizes best the conclusions regarding, first, the mean flow of the
reacting, highly heated flow: ''Measurewents of the temperature, density,
axial velocity and electron density show that the overall gasdynamical jet
structure attains the so-called self-preserving state within the region
investigated. In the radial direction a similarity coordinate based on the
Howarth-Dorodnitzyn radius correlates the distributions of temperature and
axial velocity, and it is shown that the same coordinate should also corre-
late the relative concentration of electrons though not the absolute electron
density. The measurements show that the electron relative concentrat ion

does not in fact become similar, and it is conjectured that the axial decay
of electron density must be controlled by recombination reactions." There-
fore, it is demonstrated that dynamical self-equilibration can occur
independently of chemical relaxation if the ionization level s not too

high. In Paragraph 4.2 it is further shown that the front strucLure 1is
independent of the chemistry and, very signiticantly, the "electron inter-
mittency" is indistinguishable from the regular intermittency. This applies
even to the "weakly periodic" turbulent tront whose wavelength scales are

the same as for the compressible wake,

From the host of turbulent plasma phenomena observed and measured (Section IV),
the following conclusions are drawn:

(1) Two distinct phases of turbulence exist in the jert:
A heterogeneous portion apparently associated with
transition and a homogeneous portion resembling
the familiar turbulence phenomenon.

(2) Nearer the heterogeneous region the gas temperature
spectra have a very clear -5/3 slope which change
into a much faster spectral decay (with frequency)
in the homogeneous region, The clectrons never
attain the =5/3 slope, and in the homogeneous region
they decay about as the -4,6 power ol Lrequency.

(3) In the homogeneous region the off-axis maxima in
the electron density fluctuations occur where the
flow shear is a maximum,

(4) In the heterogeneous portion, abnormally high "spike"
electron fluctuations make the rms electron density
much higher (by a factor ot 5) than the mcan. These
spikes do not exist in the temperature and are
unrelated to intermittency, which also makes An/n
very high near the jet edge.

(5) Agreement of the gas velocity and temperature fluctu-
ations, scale magnitudes, etc., with values obtained
with non-plasma jets in other laboratories is generally
very good. Specifically, the longitudinal integral
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scale Ay of the temperature seems to bear the same
relation to the so-callec 'transverse scale"
(A = 0.75L) that it does in other jets and wakes.

(6) The longitudinal integral scale A, of electrons is
related to 1 as follows: fe = 0.6 'y,

(7) The frequency-integrated, normalized electron
density fluctuation An/n is greater everywhere
than the corrc:sponding temperature fluctuation
AT/T. At each point, it is alsc greater than
AT/T across the spectrum,

1.4 PRESENT STATUS

The present status of the work is ~hown on Table I.



TABLE STATUS OF ENPERIMENTAL WORK IN SUPERSONTC WEIND-TUNNEL
Experiment Hardware Data Data
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SECTION 11

TURBULENCE MEASUREMENTS IN A TWO-DIMENS IONAL
COMPRESSIBLE WAKE

2.1 INTRODUCTION

The simplicity of the two-dimensional model geometry makes it ideal for
turbulence measurements at large distances from the body. Until a few

years ago the bulk of all knowledge on turbulent wakes came from experiments
with two-dimensional models immersed in low-speed flows. A number of
investigato:s reported detailed work in the far wake of cylinders placed
normal to the stream; prominent among such work is that of A. A. Townsend
(Reference 8). In the present series of experiments detailed compressible
turbulence information has been obtained with an axisymmetric wake
(Reference 5) where data were taken to about 100 (virtual) diameters from
the model. All evidence collected in the experiment showed that the turbu-
lence quantities attained self-preservation within that distance, but the
significance ot the results warranted confirmation and extension to greater
distances behind the model. A logical next step, therefore, was the measure-
ment of compressible turbulence behavior with a two-dimensional model, where
such distances could be easily attained.

As with the mean-flow results, some important difterences exist between
turbulence behavior in a two-dimensional and in an axisymmetric wake. For
gxample, the rms axis fluctuation level decregsgs‘in the former case as
X'l/z, whereas in the latter it decreases as Xx~</°, However by

normalizing with the mean properties these {luctuat ions are each constant
(i.e., independent of ¥) and, in fact, as anticipated by Townsend and already
shown on Reference 5, are about equal to each other. Two-dimensional studies
of turbulence, therefore, not only greatly accelerate the fundamental
knowledge on turbulent wakes, but contribute directly to the needed practical
rules for predicting the axisymmetr ic behavior typical of engineering
applications.

The turbulence measurements described in this scction were pertormed with

the two-dimensional model whose wake mean flow is reported in detail in
Reference 1. Reference 1 should be consulted tor information on the tunnel
facility and the characteristics of the medel; only a very brief repetition
of this information will be given for completeness. Later in this discussion
use will also be made of the results ot Reference 1 with no commentary on

their method of acquisition.
2.2 FLOW FACILITY AND MODEL

The work was done in the Mach 3.0 wind tunnel in continuous flow at a
stagnation pressure of 730 mm Hg absolute and a stagnation temperature of
380C., The model was a 0.004 inch thick, 0.116 inch wide stainless steel
ribbon stretched at zero angle of attack a:ross the test section. The
leading edge was beveled to a half-angle of about 27 degrees and the trailing
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edge was square (i e., the base was flat). No heat was exchanged between
the model and flow, i.e., the experiment was adiabatic. The relevant
Reynolds numbers were as follows:

(1) The Reynolds number

Re = B__ . 439 (1)
[s =]

is based cn conditions external to the wake (see
Reference 1) and the equivalent ribbon "base height"
Cph was ‘n reality the wake momentum thickness and
was measured by integrating the measured mome nt um
flux in the wake.

-~
N
-

The Reynolds number

fa = -QM& = 158 (2)

W Vo

1s based on the velocity deficit Ue -U(0) between
the axis and external velocit ies U and U(0),
respectively, and on the so-called transverse
scale L.

These and turther tindings of the mean tlow f{iecld will be discussed later,
2.3 INSTRUMENTATION

The turbulence measurements were performed with a single hot-w.re ancmometer
probe vhich could be traversed continuously in the wake and could thus

sense changes in the turbulence properties over distances much smaller than
the wake thickness, An elaborate description of the technique, which is in
many respects classical, is provided in Reference 5; only a few points of
general importance will therefore be ment ioned here, The hot-wire is oper=
ated at a number of predetermined electric heating currents (constant
current operation) and thus provides, at each point, a corresponding number
of fluctuating voltage outputs, The latter are then inserted as forcing
functions into an ovar-determined system of linear algebraic equations in
which the ccefficients of the unknowns are numerically f{ixed bv the local
mean flow properties (measured earlier and reported alreadv in Reference 1).
Invoking the constant-pressure assumption, the system is solved by the
least-squares method for the local fluctuations in the flow velocity,
density (or temperature), and the temperature-velocity correlation coeff{i-
cient. This procedure is normally performed first for a very wide frequency
band within which the total (integrated) rms is obtained, Afterwards, a
combined spectral-modal analysis is performed by which the contribution of
each fluctuation mode is obtained at each point in the spectrum.

The characteristics of the hot-wire, the calibrations pertormed, and a

detailed journal of its usage are discussed in pages 61 and 62 of Reterence 6,
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2.4 GENERAL FEATURES OF THE WAKE FLOW FIELD

The two-dimensional wake of the ribbon grew in a regular manner behind the
model for a distance of about 1850 virtual body diameters. It is worthwhile
to summarize here some general features of this wake before the turbulence
measurements are detailed:

(1) The uniformity of the wake along its span is
quite satisfactory,

(2) No shock waves or other disturbances emanating
from the model intersect or distort the wake.
The bow shock system affects the wake only beyond
(downstream of) the region studied.

(3) It was demonstrated conclusively that the angles
of attack and twist were sufficiently close to zero.

(4) Measurements of transition, fluctuation intensity,
spectral density, and intermittency demonstrated
that the wake was indeed turbulent.

(5) Transition to turbulence occurred within the first
few X-Stations along the wake (details will be
furnished when the fluctuation measurec.ients are
described) .,

(6) Day-to-day reproducibility of the wake flow field
was excellent,

A summary is given below of the mean-flow results for the turbulent wake
at hand. These experimental results are shown correlated into simple
algebraic formulas which, at the same time, arc the general scaling laws
for two-dimensional compressible wakes. The nomenclature has the usual
aerodynamic connotation,

(1) Proper axial coordinate:

X-X
o

Cph

X =

(Xo is virtual origin) (3)

(2) Velocity defect:

_ e (R -
Woa A o3F Cr 13.0) (4)

(3) Transverse scale:

L =V-4——53h - 0.22 VX (5)



(4) Lateral coordinate:

P~ y .
L E'f; pi;dY (The Howarth-Donodnitzyn radius) (6)

(5) Proper non-dimensional lateral variable:
n= Y/L (7)

(6) Lateral variation of axial velocitys:

= %2%(0) = 0.697M2 (8)
(7) Lateral variation of static temperature:
£ felbe ' <0577 (9)
T T(@0)-Tw
(8) Axial variation of temperaturec defect:
0 = I-(%%.;—Tm =\No(y - 1) M;;w = Qe 386 I'Liw (10)

These laws, which will be used frequently to understand the turbulence
behavior at each point in the wake, are applicable primarily in its self-
preserving portion so that they are only approximate in the first 20 percent
of the wake length studied, and exact thercafter.

The pertinent Reynolds numbers which are reievant to this wake are shown in
Paragraph 2.2. The quality and behavior of turbulence can be pre judged on
the basis of two more Reynolds numbers, added to those indicated above.
First, consider the Reynolds number of turbulences

dae B

Rc,l, o (11)

where 4u is the rms velocity fluctuation, A the integral scale of turbulence,
and y the lozal kinematic viscosity of the gas. Now, asymptotically Au is
about 0.,4( ,-U(0)) (on the axis) whereas A is of the order of the transverse
scale L ans Vv is, far in the wake, of the order of the free-stream kinematic
viscosity Ve. Therefore, Reyp is about 0.4 Re,, where the latter is the wake
Reynolds number, already noted in Paragraph 2,2, to be constant at about 160;
thus, Rep = 64, Secondlyv, consider the dissipation time for the verv small
eddies which Kovasznay (Reference 9) has computed in typical wind tunnel
situations, On the basis of his computation, a corresponding limit for the
Revnolds number of the dissipating eddies has been derived in Reference 63
assuming that the smallest eddy is that which dissipates over a convected
distance equal to its size, then this Revnolds number (called R“X) is 40,
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These computations put bounds on the expected structure of turbulence

because they imply that the macroscale and the microscale are about equal,
This wake is therefore coarse-grained in the sense that no eddies smaller
than the integral scale are expected. Also, Reference | has already shown
that the mean flow in this wake is in all respects almost exactly analogous
to those obtained at a much higher Revnolds number. 7The important additional
conclusion is drawn that the arrangement of the mean (average) ,roperties,
and therefore the important mixing processes, result from the action of

the larger eddies alone. It remains to see what the power spectrum of this
coarse-grained wake is,

2.5 EXPERIMENTAL TECHNIQUE AND PROCEDURE
2.5.1 PURPOSE OF THE INSTRUMENTATION

The hot-wire anemometer was used to measure the following statistical
properties of the turbulent wake: (1) the root-mean-square fluctuation of
the axial component of fluid velocity (where "axial" will henceforth refer
to a direction parallel to that of the tunnel stream) resulting from all
active Fourier components, i.e., integrated across a very broad frequency
band; (2) the root-mean-square fluctuations in the static temperature
similarly integrated across the spectrum; (3) the spectral "density" of the
above-mentioned veloecity fluctuation; (4) the spectral density of the
temperature fluctuation; (5) the integral scale (correlation length) of
the velocity fluctuations in the axial direction; (6) the integral scale
of temperature fluctuations; (7) the "Taylor microscale" of velocity
fluctuations; and (8) the same microscale of the temperature f{luctuations.
It was furthermore desired to map these quantities at each point in the
turbulent flow.

Some points should be stressed regarding these ob jectives., First, certain
combinations of the sought-after parameters (such as the mass-flux and total
temperature fluctuation) are also directly obtainable by the hot-wire.
Secondly, certain assumptions justified by earlier experiments are needed

in reducing the data. For example, it is necessary to have no pressure
fluctuations (sound waves) in order to extract the velocity fluctuations
from the data. Third, there is no need to resort to questionable assump-
tions (e.g., isotropy or homogeneity) in order to obtain these results.

2.5.2 CRITERIA FOR RESOLUTION AND STATISTICAL ACCURACY

A number of criteria must be satisfied so that the measurement will be valid.
Some of these involve a precise knowledge of the measured quantities and
thus, can be checked only a posteriori. However, with a precise knowledge

of the electronic circuits and a fair estimate of the turbulence properties
drawn from the mean measurements (Reference 1) and exploratory work, the
criteria were also checked a priori.
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a. Space Resolution. In the direction of flow (x direction), the
0.00005-inch diameter of the wire assures excellent resolution.* Taking a
typical wake width of 0.100 inch and estimating a typical small eddy size
of 0.010 inch, one obtains a resolving power of 1 to 200, applying equally
to the x- and the y-direction (i.e., the lateral direction). However, in
the z-direction the hot-wire length is 0.010 inch, that is equal to the
estimated eddy size. Resolution in this direction is therefore not as
good.,

b. Time Resolution. Even if adequate space resolution in the x-direc-
tion is assured, the question arises whether the hot-wire and its circuits
are capable of exploiting this resolution. The frequency, [, corresponding
to an eddy of size d = 0.0l inch = 0.025 cm and its convection velocity
u = 60,000 cm/sec past the probe is f = u/d = 2,400,000 Hz, Formally, this
is the estimated maximum frequency to which the turbulence spectrum extends.
The hot-wire system must theretore operate properly at these frequencies.
Now the hot-wire employed in this work has a time-constant ol about
0.15 msec, that is, an intrinsic "cutoff" at 7000 Hz; this is much lower
than needed, To bridge the gap between the required and the available
frequency limits, two supplementary techniques werc used, one based on
real-time electronic compensation of the high frequency response, and the
other on computer corrections during the reduction of data. These two
schemes have been described in Paragraph 2.6 of Reference 5, so that only
a brief review will be given here.

The constant-current amplifier used includes an adjustable RC network
which has a gain of unity at low frequencies and amplifies preferentially
the higher frequencies. The transfer function of this network is ot the
type

e 5 anlbe
out (1 1 t*a)") (12)

where @ is the circular frequency and e,,, and e;, are the rms voltage out
of and into this network, respectively, in a narrow passband about w. The
circuit time constant ty is fully adjustable at the tront panel to an
accuracy of 1l microsecond. The advantage ot this transfer i1unction is
that, of course, it is algebraically inverse to that of the hot wire itsell
where

e -1/2
Sk (1 + t2w2) (LD

with t being the time constant of the wire arising from thermal lag. Just
prior to each measurement, t is measured and tp is set equal to it. Then

ale

“The wire is actually not stretched taut between the ncedle supports but
with a curvature which is of order 20 percent ot its length, i.c., about
0.002 inch., Thus, for eddy sizes of order 0,010 inch, one still obtains
good resolution,

=]2=



the compensator output e, . is equal to the "flow" input e' into the hot

wire (by multiplying Equation (12) with ( V) as would be expected of an
ideal system.

The upper frequency at which Equatior (12) applies a1 o marks the upper
frequency limit where the compensa just indicated «, "ies. This limit
depends on t1. To find thc cauct Lorm of Equation (12), the a '’fier is
calibrated before ¢ ‘h experiment. In the WED experiment the ca Lbration
was least-squares .i *ed by a trivariate function and used in the ""EB-11
programs

e
cf{-=uE 4, ¢ )] =0 (14)

The departure of Equation (12) from the desired behavior (Equation (l4)) is
such that at t; = 0.1 msec the upper compensating frequency is 800 kHz and
at ty = 0.2 msec, it is 400 kHz, which appears to usreativ improve the

7 kHz intrinsic limit of the wire itselt.

Unfortunately, there are other transter Lunctions in the circuit to con-
sider, and another limitation arises trom the “"straight'" amplifier itselt.
For the WED experiment, the transter function of the latter was calibrated
and curve-fitted into:

out -4 -6.2 -8.3
= 1+ 6,144 x 107°F - 7,718 x 107 F° + 1.085 x 10 °F
€ ,
in (15)

-4.610 x 10~ 1%%

(vith F in kHz) which indicates a roll-off frequency beginning at about
80 kHz and an attenuation of ey /e, = 0.43 at 500 kHz., Thus, the
straight amplifier response is generally inferior to that ot a perfectly-
matched (t = tl) wire-compensator system, It is estinated that the com-
plete system begins degencrating severely around 300 kHz,

To extend this range further to the 2 MHz estimated range ot turbulence,
the "response restoratior' technique described in pages i3 o 29 @f
Reference 5 was used. This is based on the spectrum of a signal being
obtained with a non-ideal system (i.e., a system with a non-tlat response),
then the correct spectrum can be reconstructed provided that the trequency
response of the entire system (i.e., its transter function) is known
accurately. To do this, the frequency response of the chain ot experimental
equipment is obtained component-by-componeut so that the so-called "overall
transfer function" of the system is known at each point in the wake, Also,
at each point, the spectrum of each admitted signal is measured, and a
computer program is then used to restore the latter spectrum to the form

it would have if detected by an ideal electromechanical system.

The response-restoration technique is obviously limited by the electronic
noise present. In this experiment, spectra were taken to 1,2 MHz so that
slightly more than half the presumed range of turbulence activity is
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covered. However, it should be considered that the majority of the turbu-
lence signal at the hot-wire arises at the lower frequencies. The a priori
conclusion was that with the present system, it should be possible to
measure the rms velocity and temperature fluctuations integrated over the
entire band of turbulence activity, but that perhaps the details of the
spectrum above 1 MHz are elusive, Further discussion of these points will
be made during the presentation of experimental results,

c. Statistical Accuracy. A statistical measurement can become very
inaccurate if the domain of measurement is not much larger than the size
of eddies lying within it. Otherwise stated, the hot-wire must remain at
the point of measurement for a time which is so long that a large number
of eddies of all sizes go by it. In the course of carlier experiments
(the WEB), it was seen that the integral scale, for example, was only
4 times smaller than the statistical wake diameter. Using the integral
scale as a useful measure of the larger eddies, and a local wake velocity
of order € x 104 cm/sec, the time of passage of such an eddy past a point
is estimated typically as 2 microseconds. For proper statistics, the
residence time of the probe at a point should be long enough to record
the passage of, perhaps, 1000 such eddies; this time should then be
2 milliseconds. For the continuous-flow tunnel used here, this time is
sately exceeded by orders of magnitude. Even with the method of traversing
the probe continuously through the jet the residence-time requirement is
fulfilled easily, since it takes several seconds for the probe to traverse
a lateral distance equal to one correlation length,

2.5.3 FULFILLMENT OF THE '"FROZEN TURBULENCE" CRITERION

Another criterion to be fulfill~d for these measurements to be valid is
the so-called "frozen turbulence" criterion, i.e., the Taylor hvpothesis.,
This states that in a locally uniform convection, the time and space
coordinates can be interchanged provided that the time needed to change
the turbulence structure is not shorter than the averaging time of the
signal. Otherwise stated, the eddies must remain unchanging as thev are
being counted by the probe., Estimates usually made ot the validity of
Taylor's hypothesis are limited to changes made in the fine (small-cddy)
structure of turbulence by viscosity. Kovasznay (Reference 9) estimates
the viscous decay time, ty, for small eddies to be of order (vkz)'l, wvhere
V is the molecular kinematic viscosity and k is the eddy wake number,

k = 2m/X (where X is the eddy diameter). Obvicusly, it the "life distance"
d = ut,, of such an eddy is much larger than its own size, the Tavlor
hypothesis is valid; this criterion (see also Reference 6, page 123) can
be expressed by the following alternate forms:

= llx 40V pa
ut  >>X, Re = JFX 40, ADD - B : (19)

Since the wake coaditions will be close to ambient over most of the wake ,
the freestream unit Reynolds number Ugp/Vp = 80,000 per cm (at the conditions
used) can be substituted in the latter inequality. The result is that the
minimum eddy size which can be measured in the framework of Taylor's
hypothesis is 40/80,000 = 0.0005 ¢m in size. This rough estimate thus

- -
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shows that the space-time transformation is very reasonable for the 0.025 cm
eddies estimated to make up the fine structure of the wake at hand.

2.5.4 EXPERIMENTAL PROCEDURE

The hot-wire wa: positioned parallel to the z axis (Figure 1) at the
center-span (z = 0) plane.* Twenty-four positious along the X-axis

(called nX-Stations') were chosen and designated X-Station e L, 2 D B
The corresponding distance behind the body, for each x-station, is shown

on Table 1I. At each position the wire was traversed cont inuously across
the wake in the Y direction and its output versus position was plotted on a

function plotter.

The circuit block diagram is shown in Figure 2. The hot-wire is connected
to a Transmetrics Model 6401 constant-current anemometcer set wh .ch includes
a heating circuit, ac amplifier, and squarc-wave generator for checking

the wire time-constant, characteristics ot the ampltificr can be found in
Appendix A of Reference 5. For measurements of spectral density, a Hewlett-
Packard wave analyzer Model 310A was used, with a mechnical sweep drive;

for the integrated rms measurements a Ballant ine Model 320A wideband
true-rms voltmeter was employed. Assorted oscilloscopes, display analyzers,
etc., complemented this system. All data was in dc¢ form and was plotted by
a Moseley Modcl 7001A function plotter.

2.5.5 MEAN VOLTAGE MEASUREMENTS

Since all data is handled and utilized in dimensionless ftorm, the mean
(average) wire resistance variation across the wake was needed. The work
was done at tiftecen different settings ot the dc¢ current through the wire,
so that an accurate least-squares determinat ion of the results could be
made., These currents arce shown in Table IIIL. At cach current and at

cach X-Station the "reference voltage" of wire No. 6-7/1 was first measured
just outside the wake and then the probe was moved at constant speed through
the wake, producing a voltage versus distance tracc. A typical traverse
was completed in about 30 seconds and produced a maximum deflection ot
about 500 millivolts dc. A representative set of fifteen such traces is
shown in Figure 3.

2.5.6 FLUCTUATING VOLTAGE MEASUREMENTS

Another set of fifteen traverses at cach X-Station was made by again
setting the dc current at the levels of Table IIL. In this instance the
ac signal was amplified by a tactor of 47 and high-passed above 1000 Hz to
eliminate stray signals (such as chance 60-cycle line ripple or mechanical
vibrations) which might arise at iow trequencies. (Strain gage vibrations
had been eliminated in the process of ‘calibration.) The wire was again

*
No detailed measurements were taken at z # 0; however, the good quality
of the flow at z = +0.,5 and 2z = -0.5 was confirmed by preliminary tests.
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TABLE II. AXIS VALUES OF MEASURED TURBULENCE PROPERTIES
Abu ATo Ay ﬁg
X-Station X “Pu To “u P “mt ot

0 -- 0.0477 0.0624 0.0117 0.0357 -1.23 -1.09
1 0 0.519 -- 0.0038 0.0469 te =95 94
2 84 0.131 -- 0.0525 0.0962 -- -0.95
3 168 0.200 0.0758 0.0668 0.121 0.65 -0.88
4 251 0.152 0.0459 0.0436 0.1035 0.38 -0.83
5 335 0.122 0.0338 0.031 0.0926 -0.05 -0.76
6 419 0121 0.0307 0.0268 0.0957 -0.25 -0.80
7 503 0.119 0.0367 0.0214 0.0933 -0.08 -0.84
8 587 0.113 0.0293 0.0057 0.0860 -0.09 --
9 670 0.103 0.035 0.0155 0.0776 0.14 -0.81
10 754 0.091 0.u281 0.0149 0.0702 0.03 -0.82
11 838 0.081 0.0241 0.0145 0.0626 0.01 -0.83
12 922 0.077 0.0219 0.017 0.0581 0.08 -0.77
13 1006 0.068 0.024 0.012 0.0522 0.13 -0.74
14 1089 0.068 0.020 0.014 0.052 0.09 -0.76
15 1173 0.064 0.019 0.015 0.048 0.18 -0.76
16 1257 0.059 0.014 0.013 0.046 -0.08 -0.79
17 1341 0.056 0.016 0.013 0.044 -0.08 -0.71
18 1425 0.051 0.013 0.0066 0.043 -0.41 -0.92
19 1508 0.051 0.013 0.0091% 0.041 -0.26 -0.80
20 1592 0.045 0.012 0.0056% 0.038 -0.46  -0.98
21 1676 0.047 0.014 0.0049%* 0.038 -0.290 -1.09
22 1760 0,045 0.013 0.0056%* 0.037 -0.32  -0.86

*Uncorrected

-18-



TABLE

High Range (ma)

I1T.

HOT-WIRE HEATING CURRENTS FOR TURBULENCE MEASUREMENTS

TABLE

Wire No.

6-7/1

6-7/1

7-12/1

7-19/1

6.988

6.795

b.614

1v.

Medium Range (ma)

6.437

6.273

5.562

Low Range (ma)

5.320

4,892

4292

3.650

3.176

CHARACTERISTICS OF HOT-WIRES USED IN THE WED EXPERIMENT

Measuring
Properties

Turbulence
(all X-Stations)

Spectra
X-Station

Spectra
X-Station 3-9

Spectra
X-Station 11-21

R(°C)

39.10

39.10

37.43

¥6.3"
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FIGURE 3. TYPICAL PROFI'ES OF MEAN HOT-WIRE VOLTACE ACROSS TWO-DIMLNSTONAL
WAKE AT CONSTANT DISTANCE BEHIND THE BODY, 1OR EACH CURVE THE
WIRE CURRENT IS CONSTANT
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first positioned just outside the wake; its time constant was read and

the compensator dial was set at that level. Typical time constants at
each point varied from 150 to 110 microseconds, depending upon dc¢ current.
The reference (ambient) turbulence level and electronic noise level
(incependent of Y) were also recorded at this point. Then, for each
current, the wire was traversed through the wake at a compensation setting
equal to the free-stream value corresponding to that current. During this
traverse the ac signal is continuously converted to dc by the circuit ol
the rms meter proportional to the mean-square of the ac level., Finally
this dc voltage is plotted versus position, Five of a typical set of
fifteen such "turbulence" traces are shown in Figure 4.

Z.5.7 MEASUREMENTS OF THE SPECTRA

In the previous paragraphs it was shown that a total of 15 + 15 = 30 traces
were taken at each X-Station; for the total of 24 stations involved, this
adds up to 720 traces. These, in principle, contain all the informatinn
necessary to deduce the turbulent fluctuations. As already noted, however,
the insufficient frequency response of the system made it necessary to

also measure the spectra of turbulence signals (at each wire current and
point in the flow). Now, it w.ll be recalled (Reference 5, page 2¢+, that
the objective of the spectra, besides yielding the spectral density func-
tion, is to provide an 'error ratio" J which is used to multiply the
fluctuation intensity discussed in Paragraph 2.5.6; this brings up the
latter to the correct value if recorded by an ideal system. This would,

in turn, require that spectra are taken at closely spaced points for each
wire current. Since this is clearly impractical® the following was done:
spectra were taken for each of 6 currents at each of 10 radial points at
alternate X-Stations, beginning with X-Station 1, for a total of 720 spectra.
Extensions of these J's so obtained to other currents and points could be
later made by interpolation. The electric currents used spanned the range
of those used for the "turbulence" measurements (see Table I11), and were
3.174, 4.89i, 5.820, 6.432, 6.981, and 7.401 milliamperts. Wire No. 6-7/1
had, by this time, failed and other wires closely resembling it were used
for the spectral measurements, Their characteristics are shown in

Table IV.

Each wire was first positioned outside the wake where its time-constant

was measured and compensated for. The wire was then lowered to the desired
point in the wake, and with the compeasation unchanged from the stream

value (for that particular current), the spectrum was taken. Amplifier gain
was 650, the passband was from 1 to 320 kHz, and the wave analyzer was set

at 1 volt range, normal mode at -10 dB input. A 3-kHz analyzer bandwidth

was used and was swept across the spectrum at a speed of about 7 to 8 kHz/sec
by means of the mechanical sweep drive. The signal in the 3 kHz bandwidth

%
For example, if 20 radial points were chosen for the 24 x-stations and
15 currents, one would require 7200 spectra - the equivalent of about
1000 hours of testing.
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was converted into dc¢ across a 1000 ohm resistor and fed iuto the Y axis
of the Moseley plotter. The sweep drive also produced a dc voltage pro-
portional to trequency, which drove the other (x) axis of the plotter. A
typical spectrum is shown in Figure 5. Since it is necessary to know the
spectral distribution of electronic noise, that spectra of the noise were
also taken. 1

2.6 RESULTS
2.6.1 RESPONSE RESTORATION AND SYSTEM PERFORMANCE

Data reduction began with the restoration of the frequency response of the
system, accomplished by feeding the spectra information (Paragraph 2.5.7)
into the WEB-II program (SRS No. 0073). The main objective here was to
extract the error ratio, J, at each point in the wake.

The frequency response ol the main system components 1s shown, for a
typical situation, in Figure 6, The ordinate ot this plot denotes the
logarithm of "gain squared', that is, of the mean-squarc voltage coming out
of each component divided by the mean=-squarc voltage input. The graph
shows results at a single point in the wake (N-Station t, W o s 3= 0

d for one particular current (7.401 ma) . Note, first, the rapid
deterioration of the hot-wire itself, the attenuation (in the square) being
about a million at 600 kilz. The compensator has a time=-constant setting
not quite adequate because of mismatched time-constants, and its gain
never exceeds 100,000. The amplifier® also deteriorates, and its f{requency
response together with that of the hot-wire and compensator, produce the
curve labeled "overall transter fuction" (OTF) which is seen to produce
an attenuat ion of about 100,000 at 1 Miz. The computer program is thus
set up to multiply the wire output by 1/O0TF and thus bring it go th- lLevel
it would have ideally.

The hot-wire response is, of course, controlled by its time constant,
Figure 7 shows the axial and lateral variation ol the hot-wire time con-
stant at the two extremes of current emploied: 3,17 and 7.40 ma. Ftor
orientation, it should be recalled that the zero-current t ime constant
limit for the type of wire employed is about 0.09 millisecond which 1is
cons istent with the data of Figure 7. More importantly, note that data are
displayed from three different wires. Except at the lowest overheats
(currents) it is evident that the time constant var tat ion is small trom
one wire to another, It is also evident that the variation of time con=
stant with x and Y becomes quite small, as it should, at tar distances
although it depends strongly, of course, on the heating current value,

A crucial test of thc effect of using different wires (unavoidable because
of wire breakase) insofar as the error ratio J is concerned is shown in
Figure 8. Here can be scen the very large "eorrect ions" necessary to bring

w
The zero-{requency gain ot the amplifier is not shown.
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the data to the level produced by a hypothetical ideal system., The J is

as high as 15 on the axis very near the body and at the higher currents,

By X-Station 6, J has attained asymptotically a constant value bracketed
between 4.7 (at high currents) and 2.8 at the lowest current. The curves
marked ''smoothed" are an empirical attempt to reduce the data scatter (in
the WEB-IV and WEB-VII outputs) by reducing the scatter in the J., As will
be seen later, the break in the high-current curve occuring around

X-Station 16 is significant. Equally significant is the rather gross depar-
ture, at the lowest current, between the actual and the smoothed J's past
the same point. In the meantime, it is clear that there is no obvious

break in the curves around X-Station 10 where the change from wire 7-12/1 to
7-19/1 occured. As is seen from Table IV, these two wires are structurally
similar; the conclusion is that, with this similarity, uniform J's are
obtainable.

The lateral variation of J for I = 7.401 ma is shown in Figure 9 for
various X-Stations. It is noteworthyv that off-axis J reaches values even
larger than the axis values. Finally, Figure 10 shows the variation of J
with current for two lateral positions in the wake. In all these figures,
the disconcerting fact is noted that J does not attain the low values
(about 1.5) in the free-stream which it attained in the axisymmetric wake
(WEB) experiment (sec Reference 5, page 19). At this juncture, the most
likely explanation is that there is much more high-frequency content in the
freestream turbulence of this experiment than in the WEB experiment.*
However, no turbulence spectra were taken in the free-stream.

With the large J's shown on Figures 8 and 10 and the deteriorated frequency
respons¢ of the system shown in Figure 6, it is clear that the output
spectrum of the measuring system will be severely distorted at each current
and flow point. The printed output of WEB-II1 lists both these actual
(distorted) spectra and the "ideal" spectra; these are of course voltage
output spectra, at this point still unresolved moda'iy (i.e,, not indicating
the velocity and density spectral densities separately). A comparison

of actual and ideal spectra are typically shown in Figure 11, They differ
greatly, as they should. The differences lie not only at the high fre-
quencies where the actual spectra are greatly attenuated, but also in shape.
The latter very important point will be discussed further in Paragraph 2.6.4.

A final important point regarding the output of WEB=-II concerns the two
alternate methods of measuring the (integrated) flunctuations intensitv.
This is formally measured by the wide-band Ballantine voltmeter (see
Paragraph 2.5.4), but is also independently available from the spectral
measurements (Paragraph 2.5.7) since the total rms intensity is, after

all, the integral of the spectral density. The latter integral is listed

in WEB-II as VIVM2 (in units vi volts squared) while a total rms mecasurement

*The WEB experiment was done at P, = 508 mm Hg wherc the tunnel side-wall
boundary-layer capable of radiating onto the wake was laminar. In WED
(P, = 730 mm Hg) the layer was turbulent, with possible enhancement of the
stream turbulence by radiation.
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made in conjunction with the spectra is labeled E02. Representative

values for the ratio E02/VIVM2 are shown in Figures 12 and 13, This ratio
should be unity for perfect correspondence, but it is in fact almost
everywhere constant near 1.5 (i.e., a difference of about 20 percent in the
root-mean-square) meaning that the directly measured output is always higher
than that reconstructed by integrating the spectrum. Because of the
multitude of operations necessary to the latter, the 20 percent difference
is actually much better than expected and is in fact an endorsement of

the accuracy of the measurement.

2.6.2 THE WEB-II1 PROGRAM

The next step in the data reduction process combines the J values from

the WEB-II output and the turbulence data (Paragraph 2.5.6) into the
WEB-II1 program (SRS {rogram 0083) fruom which the integrated rms wire
voltage is obtained at each point ol the wake, and for each heat ing current,
free from frequency-response limitations of the system,

Turbulence information was obtained from 22 equidistant points spaced

0.004 inch apart, beginning at the axis and extending laterally to

Y = 0.084 inch The total points involved, there.ore were (22 Y's) x

(15 currents) x (23 X-Stations) = 7590, since the 24th X-Station, that
numbered 23, was not used. At the WEB-I1 output the aumber of{ J's available
were (10 Y's) x (6 currents) x (12 X-Stations) = 720, since the spectra were
taken sparsely to save time. The required J's were then obtained from

those available by interpolation. In the latter process a certain amount

of smoothing of the data was pertormed in order to decrease experimental
scatter in the final outcome. An indication of this type ot smoothing

is already shown in Figure 8. Certain parts of this process are thought

to have caused artificial perturbations of the tinal data, a point which
will be discussed further.
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2,6.3 EXPERIMENTAL RESULTS IN THE FLUCTUATION INTENSITY

The WEB-IV program gives the intensity of turbulent fluctuations at each of
the 22 lateral positions and the 23 X-Stations (X-Station O through 22).

This paragraph discusses the nomenclature, method of analyzing the data,

and the results themselves, The latter deal only with che so-called modal
analysis, i.,e., the fluctuation intensity; the spectra, as well as the scaling
rules by which the results are applicable to high speeds, are discussed in
subsequent paragraphs,

In the text and figures found below, the following nomenclature is used:

(1) Au/u is the local root-riean-square fluctuation in
the axial velocity u, normalized by the local mean
(average) axial velocity, and integrated over all
frequencies,* '

(2) 4P/P is analogous to (1), above, for the local gas
density,

(3) AT/T is analogous to (1) for the local static temper -
ature, Note AT/T = AF/P for constant pressure.

(4) DPu/pu and AT,/T, are analogous to (1) for the local
mass-flux pu and total temperature T,.

_ (Apu/pu) (AT /1))
Yae (Apu/pu) (ATO/TO)

(17)

(3)

is the cross=-correlation coefficient, at the same
point, between pu and T, fluctuation (the barred
numerator obviously is the averaged product of the
instantaneous counterparts of Apu/pu and ATO/TO).

_(EuZuE ETZI)
(6) Tor =(Bu/u) (BT/T) (18)

is the cross=-correlation coefficient, at the same
point, between u and T fluctuations. Note that al though

AP _ AT (rms sense)
D T (19)

instantaneously

AP N AT\ '
(T)-)INST. i (T_/ INST. (20)

* In this work, and in Reference 5, Ais used as a root-mean-square operator,
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so that the following relation exists between the
velocity-density and the velocity-temperature
correlations:

WEE‘EUZM _ T/T) (Au/u) _ (21)
EPPyaulu) ~ T LTZL(AT T)(Bu/u) ot

(7) In the WEB-IV output the following alternate desig-
nations are used:

M ® Apu/pu (22)
T = AT /T, (23)
RMT = r_. (24)
O = Sigma = Ap/p = AT/T (25)
T = Tau = Au/u (26)
RSTAU = r, _ (27)
U PRIME = Au/(uw- u(o)) (28)
RHO PRIME"—‘AP/(pw- p(o)) (29)

where in the latter two cases, ® and (0) refer to
conditions outside of and on the axis of the wake,
respectively, and where Au and A Pretain their rms
meanings.

(8) Eta, or M, is the normalized radial distance (see
Equation (7)).

The equation relating the fluctuation intensities to the local rms voltage
output e of the hot-wire can be written in the following alternate ways:

2 - % uf 2 2
e =e M + e a0 = 2 MT emeTrmT (30)
2 2 2 2 .2
= o
e e T‘T +e, + 2 to eo eT Yo (31)

with the symbols as given above and with e _, er and e, being the appropriate
"sensitivity coefficient' to the various fluctuation modes. These coefficients
are in principle functions only of the local mean flow properties, which were
measured earlier (see Paragraph 2.4 and Reference 1) and of the wire character-
istics, provided by the wire calibration and inputed into WEB-IV. Equation (30)
is exact, but Equation (31) is approximate in that contributions to e due to
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sound waves are assumed ni.* Either equation may be used, depending on which
of the unknowns are to be obtained. Separate computations are performed in
WEB-1IV, one for each of Equations (30) and (31).

In the present program, Kovasrzay's original suggestion (Reterence 9) is
followed reducing these two formulas into convenient second-degree equations
with unknown coefficients. For example, Equation (31) is written:

7
2 &._ % €
8_2 = 1—2 + _T "2 + ZTU -l r (32)
e e aoT
(¥ § a (7

which is of the second degree in the known and controllable parameter (er/ey) .
Since at each heating current setting a pair of number (er/e¢,) and e2/a’a

are measured, three such settings result in a system of three Equations (31)
in che three unknown T, 0 and rgr. The accuracy is much improved in the
present system: fifteen settings are used and the computer least-squares

fits a second-degree curve to the fifteen points.

a. Sensitivity Coefficients. Figure 14 shows typical variation of the
hot-wire sensitivity coefficients at a point in the wake. The true indication
of wire sensitivity is its so-called "overheat' A' (vhich is roughly pro-
portional to the percentage increasc of wire resistance over its equilib-
rium unheated value). A range of A' from perhaps 0.05 to 0.5 is desired
usually in order to maintain measurément accuracy, the wire melts around
A, = 0.6. In Figure 14, A} varies from 0.02 to 0.40. [In the example
shown, note that AQ = 0.335 (corresponding to I = 6.7 ma) the hot-wire
sensitivity to velocitv fluctuations is nil, and the wire is therefore
sensitive to density fluctuations only.

b, Mass-Flux-Total-Temperature Correlation. Figure 15 shows the axial
(along Y = 0) and Figure 16 a typical lateral variation of ry., the cross-
correlation coefficient between pu and T,. No correlation was found in either
direction, as also was noticed in the axisymmetric wake (Reference 5, page 52).

c. Mass-Flux and Total Temperature Fluxtuation. Typical lateral vari-
ations of \pu/ou and \T,/T, appear in Figures 17 and 18, and their axial
variation (along Y = 0) in Figure 19. The \T,/T, fluctuations are always
much smaller than Apu/pu by a factor varying from 3 to 6.

The small size of AT,/T, is caused by the fact that the flow is adiabatic,
and it should be zero if the effective Prandtl number of the wake was unity.
As will be seen later, with very small AT, the so-called "Strong Rcynolds
Analogy'" holds and enables one to predict the temperature (or density)
fluctuations from known velocity fluctuations.

*Formally, inclusion of sound waves introduces three more terms in Equation (31)
and three more unknowns: The pressure fluctuation and the pressure-velocity
and pressure-density correlations. It should be also noted that both
Equations (30) and (31) are linearized, that is, applicable for small magni-
tudes of the unkncwns, M, T, 0 and T,

2 3=
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FLUCTUATIONS ALONG THE WAKE AXIS
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Laterally both types of fluctuations show the off-axis maximum characteristics
of symmetric free turbulent flows; this will be discussed later.

d. Velocity Fluctuations. The axial variation of velocity tluctuations
\u/u is shown in Figure 20. As with the axial behavior of \T,/T, and \pu/pu,
the fluctuations in velccitv initially increase until they reach a value of
about 0.06 at a distance pproximately 200 diameters from the body and
thereafter decrease. In the end of the range probed (beyond X-Station 17)
the fluctuations become quite anomalous. It is conjectured that this rather
abrupt change is due to incorrect smoothing of the J factors, that is, to
the artifically decreasing J shown bevond that distance on Figure 8. To test
this conjecture the tollowing test was performed: the J values (for each
heating current) at X-Station 21, Y = 0 were taken as inputted into WEB-TV
program but prior to the change noted around X-Station 17. Actually, the
J values at X-Station 15, Y = 0 were used. The results were as tollows:

Using J from X-Station 21:

T \u/u

a = \p/p

Using J from X-Station 15:

0.0049

0.038

T=0,0113

o 0.039

Two very important conclusions are drawn from this computition: (1) if the
J's used in the "anomalous" region (X-Station 17 to 22) are made identical
to those prior to that region, then the \u fluctuation levels come back on
what seems to be the level properly expected; (2) the density fluctuation \¢
are almost completely unatfected by changing J. In changing J, Au changes
by about 250 percent, whereas \p by about 3 percent only. The explanation
of this behavior is as follows: In the computational method used (which)
finds the fluctuations from the shape parameters of a curve fitting experi-
mental points), the velocity fluctuations result from the slope of a curve
(specifically, the e2/ea versus (er/eyz) curve of Equation (32)), whereas
the temperature fluctuations result from the intercept of this curve with
the er/ey axis. It turns out that the slope of the curve is very sensitive
to J, whereas the intercept is not, At this juncture, the anomaly in J is
studied so that its cause can be located.

Lateral distributions of the velocity fluctuations are typically shown on
Figure 21. This lateral profile follows the general trend of the fluctua-
tions in \pu/ou and \T,/T,: a region of relatively low turbulence on the
axis, with a considerable increase off axis and the natural decline toward

zero at the wake edge. Note that the maximum in the fluctuation intensity
occurs at 7) definitely higher than 1.0. This maximum is heretofore considered
to mark the lateral location in the wake where turbulence production, shear,

ol
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is also the greatest, However, the mean-flow experiments described in Refer-
ence 1 indicate that the region of masximum shear iies nearver the point 7) - 0,85,
At this stage the conclusion is, thercfore, that turbulcence production alone
cannot account tor the masimum in y\u/u,

¢. Density (Temperature) Fluctuations., The axis value of the fluctuation
LF/P in the density is shown in Figure 21, while Figure 22 shows a typical
lateral distribution, Because of the insensitivity of this type of fluctuation
to J, there is no abnormal scatter in this data. It is significant that this
fluctuation is higher everywhere than Au/u, and this ditference will Jater be
explained on the basis ot the "Strong Reynoids Analogy" for an adiabatic body.

2.6.4 THE FLUCTUATION SPECTRA

In addition to the resolution ot the fluctuations into the different modes
(Copse, velocity and temperature), it is necessary to carry out a spectral
analysis tor cach mode separately, This analysis is done by the WEB-VII com-
puter program, which supplies additional information for cach point in the
wake such as the Jongitudinal integral scales of velocity and temperature,
These computations are not completed as yet, 1In what follows, the analysis ol
spectra is pertormed (from the WEB-IV output) on the modally unresolved hot-
wire output,

Figure 23 compares restored spectra of the signal at three ditferent positions
along the wake. The absolute level of these spectra is irrelevant at this
point, but the other teatures shown are significant beyond the contesxt of the
present experiment,

First, obscerve the intensc peak (enerpgy concentration) for the spectra at
168 and 670 diameters behind the model, This peak is quite unnatural tor
longitudinal (i.e., one=dimensional) spectra of turbulence, which should in
fact, resemble the spectrum shown at 1676 diameters, Secondly, note that the
preak frequency decreases with increasing Xj; tinally, the peak intensity also
decreases with increasing X, The interpretation of this phenomenon is as
follows: The turbulent front is arranged, geometrically, into a weakly e
periodic manner so that "waves" of a distinct wavelength arce tormed by it.
To a stationary observer a fixed distance way from the axis this "waviness
appears as periodic in time, 1If the front was strongly periodic then the
periodicity in time (i.e., a peak in the spectrum) would be sharp and intensece,
1 fact, by "weakly" periodic it is meant that the stationarv variable repre-
senting the front has a random spectrum (probably much like that of turbulence)
with a superimposed peak. This is called the "intermittency' spectrum. In
reality the hot-wire responds to a superposition of this spectrum and the
actual turbulence spectrum, and it is apparent that the peak persists in this
superposed phenomenon,  This interpretation thus states simply that the peak
is due to the intermittency, and thus implies that it should be absent on the
wake axis and at its edge, and prominent in between where the intermittency is
most intense. Figure 24 shows five typically restored spectra taken at the
same X position and wire current, On the axis and at the edge of the wake
(Y = 0 and 0.048, respectively) the peak is hardly discernible, but indeed
becomes very prominent in the intervening region,
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This interpretation was first thought likely in the axisymmetric wake work
$seo References 4 and 5) and was in fact used to compute the lront wavelength,
Mp, in that experiment, giving Ap=>~9L=2d; here L is the transversc scale and
d the approximate wake diameter. The interpretation can be turther strength-
ened if a closely similar Ap is found for the present experiment. Using a
peak frequency of 360 kHz and a stream velocity of 600 meters/sec, a wave-
length Ay = 1/6 ¢cm = 0,17 cm is computed. Furthermore, d, as defined above,
s twice the distance from the axis to the root-mean-square position of the
turbulent tront, represented by Ypr and shown versus x on Figure 47, page 91
ot Reference 6. At X-Station 7/, Y% = 0.4 x 10'3(inch)2 and YFT =2 x 1072,
Therefore, d = 2Ypr = 0.04 inch = b.l cm, so that Ap/d = @7 [ Ond = Lud
whereas the axisymmetric wakc-\F/d = 2 as noted above. Although exact
identity is not expected, it is clear that the ratio of the front wave-
length to the wake diameter is nearly independent of geometry, as expected.

2.7 SCALING LAWS AND SIMILARITY

It remains to show how the present turbulence results can be used to derive

or support scaling laws which are useful in predicting hypersonic wake
properties, In the absence of a theory of turbulence, the present results

can be used to test and support the most, if not the only, reasonable empirical
scaling laws grouped under the title "Dynamic Equilibrium Hypothesis'" (DEH).
The DEH emerged from the original work of Townsend (Reference 8); its
credentials include a satisfactory demonstration of its applicability to com-
pressible flows by Morkovin (Reference 10) and cqually satisfactory prediction
of the results of the only detailed compressible wake experiment to date
(Reference 5). In the absence of heat transfer or sound waves these scaling law
detailed in the latter reference, give the following prediction for the self-
preserving compressible wake:

L An_ ., .
F0) Aucoy | D (23)
3 2 2 y

A 1

8 (o) (J5)° - 69

ll: = 2‘.‘-"_1

T - 1) M 5 (35)

Y = -1 (36)

' 2
\u(0) o (0 Peo
2(0) ?za) ‘ (37)
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40(0)  um-u(®) _ (I-r) (1-w) (39)
pm' P(O) AU(O) S

If the mean flow properties are know as a function of X, the above formulas
can describe fully the fluctuation magnitudes and their variation from

point vo point in the compressible wake, Since the physical quantities
represented by the above symbcls are now known (for example r, w, p, etc., are
known from the mean measurements of Reference 1 and the turbulence properties
are presented in Paragraph 2.6) the objective of this paragraph will be to see
if these formulas indeed hold. Note that S has been determined to be 0,84
for the present wake, while the DEH gives the value of g(0) as 0.14,

Program WEB-VII gives the measured turbulence properties in a form exactly
as shown above. Since the WEB-VII output is not available yet, this compari-
son will not be made as complete as desired. Thus, in Figures 25 and 26 the
lateral distributions shown are in the form Au/ (up-u(0)) and AP /@ (0))
rather than the form suggested by ".quations (33) and (34) which account for
the compressibility; the rationalization here is that at these far distances
P(0)/Px is very close to unity anyway. Note, first that the scaling with 7
is poor until about X-Stationll, Beyond that station the data collapse on
well-defined curves; lateral similarity is thus obviously attained both for
the velocity and the density fluctuation, as predicted by Equations (33) and
(34). The shape of the correlating curves will be discussed later,

The all-important constant g(0) can be checked by pluttiing Au(0)/(ue - u(0))
and AP(0)/(Pw -P(0)) versus x. In Figure 27 the asymptotic values of these
normalized fluctuations, drawn in solid lines, are obtained from Equations
(37) and (38) in the limit Pe = P(0) and W= 0, that is, in the far wake:

"
x_l.:‘o‘u—f‘_’—%)(o—) = 2(0) =+/0.14 = 0.38 (40)

lim .APQOZ = Vggoz = 0,375 = 0,45 (41)

xs® Po- P(0) 5 0.8%

The data show remarkably good agreement with the value of g(0) used above,
the slight deviation implying a g(0) a little greater tha: 0,14. 1In this
figure three distinct regions are distinguished: Up to about X-Station3

the transition process is still continuing; from there to about X-Station 8
for the velocity and X-Stationl2 for the density the fluctuations deviate
considerably from the DEH-predicted asymptotic value, which sets in beyond
those stations. The disparity in the approach to equilibrium between the two
fluctuation modes is, of course, predictable because of the generally slower
decay of temperature in high-speed wakes. What is interesting is that from
work done carlier the initial (relaxation) values of Au(®)/(uo - u(0)) were
predicted to be higher than the asymptotic value, as indeed verified in
Figure 27 but the density fluctuations, predicted to be small until they reach
the asymptote, actually overshoot the latter, reaching a level of about 0.75
at about X-Stationé,
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From a dimensional standpoint, the velocity "scale" at any distance behind the
body is, of course, the local ditference Uy, = u(0); that is why Equation (37)
esymtotically connects \u and uy - u(0). The question arises whether

\u can ever exceed Ugp= u(0). In Figure 28, the maximum valucs of the f{luctu-
ations \u/uge - u(0) and \p/ (py, = p (0)) are plotted as obtained from the
oft-axis maxima ot Figures 25 and 26. Asymptlotically these rcach vaiues of
0.70 and 0,80, respectively. 1In the relaxing region; however, \u/(uw - u(0))
reaches a value equal to one, and ncar X-Station 6 the density fluctuations
reach 125 percent ot the mean density ditterence across the wake, The precisc
physical rationale allowing such large fluctuations is not clear.

Since g(0) controls both the velocity and the density fluctuations far from
the body, a simple check of the DEH is supgested by Equation (39). Figure 29
plots the left-hand=side of this equation as mecasured directly, and indepen-
dently the right-hand-side (by a solid curve) with the w, r, and § supplied
from the mean measurements, As expected, the agrecment is poor in the relax-
ing portion ot the wake, but bevond 900 diameters the data are close to the
expected behavior, In tact the data beyvond 1400 diameters, if corrected ion
the difficulties met in ¢omputing J, concinueg in ver good agteempnt with

the "theoretical" prediction,

The relative mavnitude of density (temperature) and veloc ity tluctuations wi:h
respoect to the stationary hot-wire, are given by Equation (39). Figure 30
shows *hat the expectations are met (especially with data corrected for J as
discussed above) in the seli-preserving wake. In the leccey, in fael, the
Strong Reynolds Analowy is closely foltowed by the data in the lateral coor-
dinace except very near the wake edue. Here the te perature tluctuations

are ynconmionly large, u8 was also observed in the axisymmetric wake (Figure 35,
page 78, Reference 5). This is explained as occurring due to tnEREmiTERNEY,,
implying that the temperature "jumps" across the turbulent front are much
targer than the corresponding ve loc LEy Jumps’,

It siiould be added that the Dvnamic Equil ibr tum Hypothesis predices that for
ad.abatic wakes \T, = 0 and rg+ = -1, Both of these predictions, and egpe-
ciaily the tatter, are fully borne out in the present experiment, as shown

by Figures 15 and 30. The result is that, once the velod Loy -Lluctuat ion in

an adiabatic wake is known, the temperature (density) tluctuations can be
predigeed. In fact, the tatio of dens ity to velocity fluctuations is a simple
tunction ot the Mach number. This is well borne out ir Figures 31 and 32,

A tinal point concerns the rather high velocity [luctuations measured in the
wakeo  Figure 33 compares these measurements with data taken by Townsend
(Reference 8) at low speeds, It should be noted that Townsend's mean-
velocity measurements are corrvelated in the following empiricel formula
(Reference 8, page 162):

') [ /2
Eiey U - u  _ -l4,4a” [ + 1 ( Y (i)
T 3 ‘33)
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where

Y

L (43)
l(x-xo) d

a

II/Z

and d is the eylinder diameter, This lateral coordinate a can be related
to the 7] used herein since for cylinder the drag cocefficient CD = 1 and
since, in the present experiment

Y~Y

L: .Lh
LW
1,14

l(x-xo)/\fEEFII/Z

Since in Townsend's case one obtains
L/2 i 1/2 i 3
[ e L

The result becones

‘(\ = K )d 1/2
O ’
L= 4,56 ) (4-‘)
and
Y Y Y r .
P = = = = —— £
. [(v-x0yd; 172 He56L  4e56L .56 (45)

Wwith this transformation from a to T, Equation (42) becomes

) /
~ - C i 5 ;.
~ _ ,-0.0997 (1 + 0.051n (46)

which is in good agreement with the mean-velocity distribution found in
the ~resent work:

- -0.69N?
u e

In Figure 33 the u curves arc thus identical, as are the corresponding
distribution of shear du/dY. The significance of the latter ic that its
maximum should correspond with the maximum of the fluctuations. This is
verified for Townsend's results but not obtained in the present experiment,
Another unexpected occurrence is that the fluctuation maximum, reaching

135 percent the axis value in the low-speed wake reaches above 170 percent
in the present wake. The net result is that the fluctuation thickness of

il =



the present wake is considerably thicker than at low speeds, No explanation
of this phenomenon can be offered at this time,

2.8 CONCLUSIONS

The following conclusions can be drawn from the present work on two-dimensional
wake turbulence:

(1)

(3)

(5)

(6)

(7)

(8)

(9)

General Conclusion: The data obtained support
firmly the empirical body of predictions known
as the Dynamic Fquilibrium Hypothesis.

The axis values of temperature and longitudinal
velocity fluctuations reach asymptotically

the same percentage of the mean axis values as
cncountered in previous experiments, including
those at low speeds,

The wake total temperature fluctuations are
relatively insignificant when no heat is ex-
changed between the flow and the bodyv,

The tocal vetocity in the wake is almost per-
fectly anti-correlated with the local tempera-
ture; there is no correlation between total
temperature and mass-flux fluctuations,

For adiabatic wakes, the temperature (density)
fluctuations can be obtained, by the Strong
Reynolds Analogy, from a knowledge of the dis-
tribution of mear Mach number and velocity
fluctuations,

Ncar the wake edge the Reynolds Analogy fails;

it is conjectured that the front corrugations of
the wake can be thought of as "jumps" in the mean
propertivs, especially the temperature,

Similarity in the distribution of fluctuation
occurs long after the mean properties themsclves
become self-similar,

By comparing almost all measured mean and turbulent
properties with their low-speed counterparts, it is
shown that the proper scaling length is not the
body diameter but rather the appropriate momentum
thickness of the wake.

A notable exception shows in the lateral distribu-
tion of velocity fluctuations; the maximum of these
occurs farther from the axis and is higher than its
counterpart at low speeds,
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SECTION 111

INTERMITTENCY OF THE TWO-DTMENS LONAL COMPRESSIBLE WAKE

3.1 PURPOSE

In addition to the mean-flow investiagation ot the two-d imensional wake
(Reference 1) and of its turbulence tield (Section Il), its intermittency
characteristics have also been measured and will be reported in this
Section,

The intermittent flow plays an extremely important role in the characteris=-
tics of the hypersonic wake as viewed by a ground observer, In the work
with the axisymmetric compressible wake (Reterence 4) the intermittency
measurements gave the rms location Y >f the turbulent tront and its
standard deviation 0. These quantities were found to bear nunerically

the same relationship to the transverse scale L as in the two=d imens ionat
wake of Townsend's (see Reference 5, page 42 ). This important tinding,
implying that neither the geometry ot the body nor compressibility atfrects
Y/L and O/L, would so greatly simplily hypersonic wake catculations that
it merited additional study; hence the intermittency measurements witth the
present two-uimensional! wake were made .

3.2 TECHNIQUE AND PROCEDURE

The technique necessary tor this type of measurement is described in great
detail in Reference 5. Briefly, the hot-wire anemometer is held at various
lateral positions Y and at each X-Station. The heating current ot the
clement is increased to the maximum sensitivity possible and it ac signal
is nrocessed through the intermittency meter built especialty tor such
work at Aeronutronic. Through a series of rectifying and clipping actions
thie instrument distinguishes between the time the wire 1is immersed in dc
turbulence and the time it is not; its output in a traction ot one volt ac
then gives the "intermittency factor" 0QK1 which is the fraction of
turbulence immersion time to the total time. In a tully turbulent tluid
Y = 1, wherecas whenever the sensor is so far from the axis that it never
encounters turbulence, Y= 0, IfY(Y,x) is known then Y(x) and o (x)

can be calculated by statistical methods (Reference 1t, page 10).

In addition to Y, the average wavelength of the Lront is important. A
measurement of the so-called null frequencies, N sec'l, can give this sort
of wavelength in the form of statistical scale of the tront it the latter
is truly random. For the axisymmetric wake and also from work with the
jet (Section IV), it appears that although the tront is truly random in
amplitude it may not be truly random in time and the existence, it any,

of its wavelength (rather than the purely statistical scale) became
another objectives of this work.

Hot-wire No. 8-2/1 was used for measuring the two-dimensionatl wake intermit-
tency. Data were taken, beginning at Station 2, for allX=-Stations used
during the mean and turbulence mecasurements.
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3.3 RESULTS

Figure 34 shows the front lateral radius Y and its standard deviation o,
normalized with the transverse_scale L, plotted along the wake. It is
quite evident that the ratios Y/L and O/L are constant within the scatter
(Note that L increases by a factor of 3 in the range 200< X <1800), For
Y/L this constant value is about 1.96, which is only 7 percent lower than
the value expected on the basis of the known behavior of wake flows (see
Table III, Refer2nce 4), The findings of the WEE experiment are therefore
turther substantiated,

The value of O/L however, shown ~n Figure 34 to be about 0.38, is con-
siderably lower than expected, by a factor of 2 or more. This is shown in
another manner on Figure 35, where the lateral distribution of Y is shown for
all XSTATIONS. The data are scattered, so much so that a distinction
between "near-wake' and '"far-wake' behavior is made. What is important,
however, ‘s that the region of intermittent activity is much shorter (and
the exient of fully turbulent fluid much greater) than Townsend found at
low speeds; this means that o should be also much smallexr, as Figure 35
already showed. _In the mean-time, the distribution of intermittent
activity around Y_is fairly symmetric; this is also illustrated on

Figure 36, That Y grows as x1/2 is also well illustragted in Figure 37,
where the Y corresponds to the maximum of the probability distribution

dy/dy.

To explain these tindings, two alternatives seem likely: (1) there is a
substantial difference between this wake and Townsend; (2) there were
inadequacies and errors in the experimental method. At this stage, the
second alternative appears more likely. Since the corrections applied by
computer to compensate tor the hot-wire frequency response are applicable
to the rms sense only, there is much of the Intermittency behavior which
the wire does not see. The turbulence caused by the front its, in tact,
proportional to Y(1-Y) and thus is maximum at Y = 1/2, where Y is located.
Near the wake axis (¥ = 1) and at the edge (7 = 0) this turbulence is
small and the wire does not sense that it is crossing into and out ot the
front, Under these circumstances the location of Y will be glven correctly
but 0 will be greatly underestimated, as indeed found.

The conclu.-ion then, is as follows: the position Y of the turbulent front
is found with fair accuracy for WED, but the standard deviation is under-
estimated due to inadequacies in the technique. Improvements in the hot-
wire anerometer, presently under way, will enable a more accurate repetiition
of this measurement.
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SECTION IV

TURBULENCE BEHAVIOR OF THE PLASMA JLET

4,1 CRITIQUE OF CURRENT TURBULENT PLASMA RESEARCI

The work described so far deals exclusively with pertect-gas wakes devoid
of chemical effects, and from which geometric, mechanical, and to some
extent thermal features of wake turbulence can be extracted, A second area
of effort, described in this Section, deals with free turbulence in which
the wake feature is discarded in favor of producing hyperthermal and
electronic phenomena. The turbulent plasma jet, such as employed here, is
a unique and inexpe.sive tool for producing such phenomena,

It is fair to say that, in view ol the present shortage of and demand for
information on electron behavior in turbulent plasmas,® accurate and well-
resolved data obtained from laboratory plasmas are significant regardless
of their direct applicability (o the hypersonic wake problem, Thus, the
data alieady obtained under the present contract (Reference 6) as well as
those of Guthart (Reference 12), Granatstein (Reference 13), and Johnson
(Reference 14) have for the tirst time yvielded information on the electron
density fluctuation intensity and spectra, the correlation scales, etc,
Phenomena peculiar to clectron benavior (contrasted to ordinars turbutence)
have also been observed and are reported In Paragraph 4.5 below,

For these data to be usetul tor the present purposc, they should be cowm=
piled into scaling lavs. Presently these scaling laws appear very fisTicyle
to obtain theoreticaltly. Even in the case where thev are obtainable
experimentally in a jet, their simple Lransposition to the case ol the wak
is not straighttorward. It the consensus ol References b, 12, 13, and 14
was, for example, that the turbulence scale ot electrons is a constant
fraction of the local jet radius, there 1is still ne assurance that the
same relation applies to the wake., LEven tor totally inert chemistry, as
another example, the laws of axial electron density decay assume ditllerent
forms depending on compressibility (high or low speeds) geometry (two-
dimensional or axisymmetric) and type of flow (jet or wake).

It appears that the major usefulness ot the jet experiments 1S Lo {ind an
enpirical connection between the electron turbulence behavior and the
turbulence behavior ot the overall gas. For instance, if a unique relation
between the electron and the temperature integral scales is found, then

the application to the wake would only require knowledae ot the temperature
scales in the wake = knowledge which is now be ing accumulated under this
centract (Sections [ through III). It is therelore necessar to measure

A substantial body of knowledge exists on the so-called "plasma turbulence'
which, however, involves phenomena on the atomic scale with electric and
magnetic fields and is ol no consequence here.
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the fluid-dynanical turbulence in the jet, as well as the electron turbulence;
this has been done in the past year under this contract. The next crucial
problem is to fine the one or more variables on which this empirical connec-
tion depends, This has already been done (and, in fact, the problem solved)
for the two extremes in chemistry: equilibrium flow (Reterences 15 and 16)
and frozen flow (Reference 15). Tor the present, the choice ot parameter
controlling the connection between gasdynamic and electron fluctuations is
unclear, as the discussion of turbulence results will show.

There is one pheiiomenon which does not depend overtly on the chemistry:

that is, turbulence intermittency. Intermittency data in the plasma jet
were taken during the previous contract period (Reference 6, pages 176-180).
In the present contract period these data were reduced and interpreted and
vill be discussed first prior to the turbulence results, in the following
paragraphs,

4.2 INTERMITTENCY IN THE PLASMA JET

The intermittency properties of wake flows have already been obtained and
discussed in Reference 4 for the axisymmetric wake and in Section III of
this report for the two-dimensional wake. Scaling laws have been given
(Reference 4, page 47) by which the geometric structure of the hvpersonic
wake front can be predicted. The question now arises: will these scaling
laws appear identical to a "temperature" aud an "electron" observer? In
other words, does the front surtace, which is knowrn to abruptly separate
gases of dissimilar temperature also separate the electron-rich from the
electron-poor gas?

4.2,.1 PROCEDURE

In the present experiment the front properties were measured with the hot-
wire anemometer and the Langmuir probe. The signal from the hot-wire
amplifier (or the ac amplifier connected across the load of the Langmuir
probe) was fed to an Iintermittency circuit; this circuit, described in
Reference 4 is not unlike similar devices used by Bradbury (Reference 17)
and others, and supplied the Intermittency factor as a fraction of one
volt dc. The factor Y was recorded at cach of about 20 radial positions

Y at each x. The rms front position Y and its standard deviation g were
then obtained from the usual formulas:

00

Y 5/ Y j% dy (47)
(o)

o[/ D D (48)
(o)

In these formulas computational convenience requires that Y is expressed
as a function of Y, This was done by polynomial-fitting the experimental
points with the computer.
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In addition to Y and 0 the autocorrelation scale of the front is of some
interest. If the front behaves like a stationary random variable it is
possible to tind this scale from a measurement ot the so-<alled null-
crossings (or null trequencies) of the front, that is by the frequency

Ny = N(Y) at which a sensor, located at Y =Y, enters the front. To this
end the distribution of null frequencies N(Y) with radius weie recorded by
electronically counting the rectangular pulses at the Schmidt-trigger output
of the intermittency circuit. These distributions, which ol course peak at
or near Y, were also computer-fitted by polynomials., The microscale of

the front is given by

\ - T a® -
[6)

where u(Y) is the jet velocity at Y. An alternate and possibly more
meaningful front "wavelength" is simply

k = u(Y) (50)

F N
o

4.2,2 RESULTS AND DISCUSSION

Figure 38 shows a typical comparison of the distributions, with radius,

of the intermittency factor, the temperature, and the electron density,

As expected, the fluid is strongly intermittent at distances [rom the axis
at which the mean temperatures is very close to the ambient., Also Lros
Figure 38, observe that the corresponding relation between electron
density and the intermittency factor is analogous but highly inconsistent
from one x to another: at a fixed value of ¥ = 0.5, for examble, T varies
considerably in the x-range investigated,

Important questions to be settled in analyzing the intermittency data
include the randomness of the interface, the coincidence between electron-
and temperature-interface and the comparison ol the front geometry and_
behavior to that of low-speed jets. The growth of the front "radius" Y
is shown dimensionally in Figure 39 and non-dimensionally as Y/L, together
with the standard deviation @/L, in Figure 40. There is little doubt that
these two quantities grow linearly and scale with L, and that they cer-
tainly are independent of the method of measurement. With Y and O so
computed it is possible to make a test of the randomness of the tront such
as 1s shown in Figure 41; we see that the Gauscian distribution_ ot the
intermittency factor about the front position, that is with (Y-Y)/g, aeain
obtains in the tashion characteristic ot stationary random variables, In
the same figure further evidence ot randomness is supplied by the distribu-
tion of the normalized crossing frequencies N/N,,¢ about the radial location
Ymax = Y(Npax). The scatter is appreciable, but enough data points are
available to illustrate the Gaussian behavior of N/N . characteristic of
randomness. As before, there is no syvstematic difference between data

taken with the hot-wire and data taken with the Langmuir probe.
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The null frequencies No, defined as the crossing trequencies measured at
the position of the interface, were found to be very ¢lose to the maximum
frequency Nmax measured (at each x) at Ymax; thus, N, = N(Ypax) = N(Y)

= Nmas as expected. Figure 42 shows the variation of N, with x; again,
the frequencies measured with the hot-wirc and the Langmuir probe are about
the same at each X. The decrease of No shown in .is figure lmmed iately
suggests the lengthening of the front scale Afp (or Ap) expected as the
turbulent flow widens with distance., However, the computation of these
scales from Equations (49) and (50) cannot be performed with the velocity
data shown so far; these latter are mean velocities, whereas what is of
course needed is the velocity of the front itself or at lea<t the mean
velocity within the front - the so-called eddy velocity,

Measurement of eddy velocities within "corrugations" in the jet boundary
were made with the double Langmuir probe (two-w..e correlation probe)
mentioned previously and pictured on page 126 of Reference 6. Eddy
velocities with such a probe can best be measured trom the (ross=-correlation
function of the probe signals; in the present work the more primitive

method was adopted of obtaining a finite number of dual-trace oscillograms,
ol the turbulence pattern as it was convected by the wires. From these
samples a rudimentary statistical distribution of the local eddy velocity
was constructed at each point from which the mean velocity (and its fluctua-
tion) could be extracted. The (mean) =ddy velocity at Y was then uscd in
place of u in Equations (49) and (50).

Reterence 4 describes experiments done on the intermittency teatures of
compressible wakes and advises the use of the "front wavelength“‘AF (rather
than Ap) as a more significant measure of the front geometry. In doing so,
evidence is drawn from observations (Reference 5) of the turbulence spectra
(near the front position Y) that the front itself may not be truly random,
but rather weakly periodic at a wavclcngth‘AF. The asymptotic (vom

AF/L = u/NyL of this wavelength for the axisymmetric wake is drawn In Figure
ir which the jet front wavelengths, obtained per the previous paragraph, ave
also presented., The agreement between these two independent experiments

is quite revealing., The wavelengch of the jet front appears to bear the
same relation to L (about Ap/L ¥ 9) that it does for the wake.

It should be noted that the physical dimensions of the front are given

here in physical ¢oordinates, and this should be accounted tor comparing
the present results with other experiments. In the latter the radius is
usually normalized with the so-called half-racdius rl/l. Thus, Becker et al
(Reference 18) gives Y/ry/2 = 1.78, Bradbury (Reference 19) 1.73 and
Corrsin and Kistler (Reference 11) values ranging irom 1,65 to 2.00. From
the present experiment (see Figure 40), we obtain Y/L = 3.35 on the aveérave,
and in terms of the half-radius we get Y/rl/g = 2.0. It therefore appears
that quite a few jet experiments generallv agree as to Y/r1/2. It should
be remembered, however, that heating the fluid senerally increases the jet
radius; the end result, shown on Figure 39, is that our Y exteands tarther

out, by about 30 percent, than Corrsin's Y for example,
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The value of 0/Y obtained here is 0.23, not far from Bradbury's value ot
0.22 or Corrsin's range of 0.23 to 0.29. However, Becker et al obtained

o/Y = 0.16., This might be interpreted as a difference in intermittent
properties between an inert contaminant and the temperaturce field, but it

is more likely that Becker's method of measurement and perhaps ditferences
in the turbulent Reynolds number are responsible. Beckcr and his co-workers
have at any rate obtained a unique relation between the intermittency tactor
and the contaminant density distribution with radius. In the reacting

jet employed here the electrons are distributed radially in an irregular
manner because of reactions (see Figure 38) and this relation does not
materialize.

4.2,3 CONCLUSIONS

The main question posed in this section has been answered: the front
characteristics are identical for the electron-sensitive and the temperature=
sensitive probe., The implication is that the intermittency characteristics
of the hypersonic wake, as predicted from gasdynamical studies alonc, are
also the intermittency characteristics relevant to the radar.,

~

4,3 ELECTRON DENSITY FLUCTUATIONS

Data reduction has been completed on the magnitude ot the electron density
fluctuations in the plasma jet, raw data on which were presented in last
year's report (Reference 6). The final data reduction was accompanied by
further experimental measurements needed to "fill in" portions ol interesting
electron behavior. In this section, the following is discussed: (1) Theore-
tical calculations on the validity of the Langmuir probe technique, (2) the
final form of the rms electron density fluctuation magnitude as distributed
axially and radially, (3) data-reduction of the electron density spectra,

and (4) studies and interpretations of the very large fluctuations observed
in the transition region. Comparison with other mcasurements will also be
given,

4.3.1 LANGMUIR PROBE SHEATH CALCULAYIONS

The radius of the electrostatic sheath surrounding the Langmuir probe used
in this work is crucial to the validity ot the data. Specitically, the
sheath ra’'ius

al<A, (51)

where Ae is the electron mean-free-path. The earliest computations il
under this contract, were based on a combination of the Langmuir-Mott-Smith
and Langmuir-Blodgett theories (Reference 20). More recently this computa-=
tion was replaced by one performed by Bettinger and Walker (Reterence 21)
whose attractiveness rests of its use of integral and conservation laws.
Sutton (Reference 22) has proposed that the sheath is computed on the basis

= T



of work done by Laframboise which is basically an extension of original
work by Langmuir. To compare these choices for computing a, the following
formulas were plotted:

(1) Langmuir, Mott-Smith and Blodgett:
8/2
{
e=2.8(11) nl/2 (52)

r r

(2) Bettinger and Walker:

" h 3/4
(ﬂ : 1) ln(— i 1) - 1.86 (—) y (53)
.r Is r
(3) Laframboise:
0.6
d s h 1/2
= 1.63(r) Y| (54)

where r and h are the probe and Debye radius, respectively, and 7) the non-
dimcnsional probe voltage 7 = qu/kT. The former two equations are valid
for h/r >1, whereas the latter presumably i1or 0.1< h/r <2,

These relations have been plotted on Figure 44, They indicate that the
Langmuir-Mott-Smith-Blodgett approach gives sheaths which are in agreement
with the other theories for h/r = l, but much higher than the latter for

h/r >>1. Because this theory is also the least sophisticated (and pre-
sumably least accurate) of the others, it is concluded that the original
estimates of a were unduly pessimistic; the results on electron fluctuations
discussed in this report are thus more valid than originally thought,

4.3.2 MAGNITUDE OF ELECTRON DENSITY FLUCTUATIONS

Figures 45 and 46 swmmarize the final results of the electron fluctuation
magnitude in the turbulent plasma. From these two figures, it is clear that
the electron fluctuations undergo two phases: wup to about 24 inches from
the nozzle the fluctuations are extremely large on the axis (about 5 times
the mean) whereas beyond that distance they decrease to a small percentage
of the mean and develop off-axis peaks. The former will be called "transi-
tional” or "heterogeneous'" fluctuations whereas the latter will be called
"asymptotic' or "homogeneous".

Perhaps the single most interesting phenomenon observed during the turbulence
measurements was the very large magnitudes of the electron density fluctua-
tion. It is statistically possible for the standard deviation of a stationary
variable to exceed the mean value of the variable when the amplitude distri-
bution of the latter is extremely skew, Such situations exist in the
intermittent zones of ordinary turbulent jets for any flow variable Q which
fluctuates between nil in the ambient ("irrotational") environment and some
mean level within the turbulent front. If the latter does not decrease

-~82-



100
90 -

80 —
70

60

50 -

40 }—
LANGMUIR

MOTT-SMITH
BLODGETT

30

:qm

20

15 BETTINGER AND WALKER

10

B1438U

= |

P

FIGURE 44. COMPARISON OF THREE THEORETICAL PREDICTIONS OF THE SHEATH RADIUS

Rg IN TERMS OF THE PROBE RADIUS Rp AND DEBYE DISTANCE H.

-83-



10.0

1

4.0

n{(0)
n(0)

1.0

0.4

0.04 | I | I | | | | 1
18 22 26 0 34 38

X (INCH) B1439U

FIGURE 45. AXIAL VARIATION OF THE RMS ELECTRON DENSITY FLUCTUATIONS,
NORMALIZED WITH THE LOCAL ELECTRON DENSITY, ON THE JET AXIS

-84-



L HLIM GHZT7 IV EHON
ROLIVIMVA IVIAVYH

ICTNA SLNW

NOLIVALONTE ALTSNAA NOULOHTT S Ao

dox+w1d

& e

o IMADTA

[T

W9t =X

ALIDOTIA
NV I




too tast with increasing radius then it is well known that AQ/Q can diverge
with radial distance. In fact Becker, Hottel and Williams (Reference 18)
have observed this divergence by utilizing an inert contaminant concentra-
tion for an observable.

The pessibility that the large fluctuations on the axis pictured on

Figure 45 are caused by the intermittency is excluded by the simple fact
that the flow on the axis is fully turbulent as already demonstrated. From
the results thus far shown in fact, it appears that we have here a fully
turbulent tluid with normal temperature fluctuation but with highly-skewed
electron fluctuations. An oscilloscopic study ot the turbulent jet
immediately showed large "spikes" in the electron density time history at

a point; these spikes are indeed what statistics would require to produce
the large An/n of Figure 45, Figure 47 shows a comparative oscilloscope
study of the Langmuir probe and hot-wire output at various radial positions
but at the same distance from the jet nozzle. By properly adjusting the
scope gain it is possible to show conclusively, [irst, the diftferences
between intermittent and tully turbulent ttow and, sccondly, the ditierences
between Langmuir-probe and hot-wire output in the fully turbulent region.
Attention is drawn to the large spikes in the Langmuir probe traces which
are clearly absent trom the hot-wire traces.

The appearance of the large spikes persisted tor several inches in the
upstream end ot the turbulent zone studied, but decayed and cventually
vanished as the probe was moved downstream; the fluctuation level An/n also
decayed below unity as Figure 45 shows., To complete the picture, an
lnvestigation ol the laminar and transitional portions ot the jet was made
using a Langmuir probe thicker than described previously in this paper, so
that it could withstand the much higher heat tluxes in the taminar jet. For
obvious reasons the output of this probe was not quantitatively interpretable,
but it made possible to piece together a reasonable description of the events
leading to the generation of the large [luctuations.

Figure 48 shows this picture, The Langmuir probe observation made is
typified by an instantancous "snapshot' of the electron density on the jet
axis from the nozzle exit well into the turbulent zone. In the laminar jet
the mean electron density is hizh with an unsteady component consisting of
the rectifier-driven 360 Hz modulation whose rms magnitude is about 10 percent
ol the mean. At the flow velocities prevalent here the wavelength of this
sinusoidal fluctuation is actually very much larger than the length of the
laminar .. (avu.® '0 feet compared to about 1 foot). In the transition
region the breakdown riocess mixes ambient fluid with the ionized tluid;

the former is e.ectron-poor so that large '"negative" pulses (if one thinks

ot the electron current as producing a positive displacement of the scope
beam) appear as shown on Figure 48: the signal is thus "negatively one-
sided". The mean electron density thus decreases below the maximum level,
which also decreases because of recombinations. Farther downstream the
spikes widen (but do not necessarily deepen), and still tfarther the signal
begins reversing itsell, i.,e., becoming "positively one-sided", 1In this
latter case the mean electron density drops considerably below the tops ot
the spikes, the fluctuation distribution is very skew and the rms fluctuation
level is considerably higher than the mean level. It is at this stace that
the oscillograms shown on Figure 47 were taken.,
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It should again be emphasized that at this stage the tluid s tully turbu-
lent from the standpoint of intermittency, and that turbulent fluctuations
in the electron density, of order 29 to 40 percent of the mean, exist in
addition to the large electron density spikes. The latter are obviously
thr remnants of the laminar flow upstream of the transition zone, in which
the electron density level is very high when compared to the level in the
turbulent fluid itself. Eventually these spikes also disappear and, as
Figure 45 shows, the ratio \u/n settles to values ot order 10 percent ir
the ftar jet.

In Figure 48 it is schematically shown that the maximum ot the normalized
fluctuations is attained where the mean electron level is much below the
maximum level ny, that is, the locus ot the spike maxima. If the spikes

are truly the results of the process of engulfment of the ambicent, electron-
poor fluid by the electron-rich fluid of the jet, and it the clectron
density of the former is ng, then

2 .
2 ¥ -1 (P/m - 1)
(=) - fafe 7y O
n (nm/nC - 1)+ P/m ~

where P/l is the ratio of the total mass to the jet mass. Here it has been
assumed that both fiuid components are laminar so that the signal can
locally oscillate between ny and n. only, in the manner suggested some time
ago by Feldman and Proudian (Reference 23) and Lin (Reference 24), The
type of fluctuations of Equaticn (55) are nil betore entrainment begins
(P/m = 1) and also when P/m tends to infinity in the rar jet, and they

peak in between with a magnitude depending on ng,/nes For equilibrium
chemistry, w'wn ng and n. are directly obtainable from the corresponding
temperatures T, and T., it is shown by Reterence 15 that An/n of order 10
or higher can obtain for practical values of Tm/Tc. For finite reaction
rates the ratio &n/n becomes extremely sensitive to the chemistry.

(55)

Nevertheless the simplicity of the jet flow brought about by wasdynamical
self-preservation allows certain broad tests ot Equation (55) to be made
easily. For example the entrainment rate is given theoretically and has
also been measured directly. For recombination reactions the n  might also
be obtained as a function of x. The normalized electron density fluctuations
of Equation (55) thus become dependent only on the ratio nm, (of the maximum
electron density in the laminar flow) to the "ambient' value n.. The former
is actually obtainable from the experiment but the latter is not, since the
electron density at the base of the spikes was detected to be turbulent and
o1 a mean value much higher than that outside the jet, Computatioas made
with Equation (55) using estimated values of n. gave reasonable numerical
agreement with the measured axial variation of An/n shown on Figure 45,

Equation (55) thus appears to be a reasonable descriptor of the physical
mechanism giving rise to the large electron density fluctuations - on the
strength of the mixing model it describes. It does not necessarily endorse
the "laminar mixing' ideas of References (23) and (24) since the partici-
pating lumps of fluid (whether electron-rich or electron-poor) are turbulent
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in character. At this time it also appears to affect the transitionai
zone more so than the turbulent activity in the tar jet; in the present
exper iment this zone is only a few jet thicknesses long,

Once beyond the region of very high livel, the electron density fluctuations
decrease, according to Figure 45, to values more typical of homogeneous
wixing. The following points are significant: first, the axis values of
\n/n do not appear to attain an asymptote. This may be attributed either
to the fact that the overall jet fluctuations themselves have not relaxed
to the self-preserving state; or, which is more likely, that no seli-
preservation of the electron fluctuations attains where all other types of
fluctuat ions have become self-preserving (e.g., constant f{ractions ot the
mean values). Secondly, the oft-axis maxima of these fluctuations (see
Figure 46) occur in the general vicinity of | = 1.3. By comparison, the
region of marimum shear in the jet occurs at

ﬂ-ﬂ(£=0) (56)
= an
wvhich, using the self-preserving velocity distribution
2
~ =~ .2
5 g Py (57)
is seen to occur at
1/2 .
N = 1 = 1.45 (58)
0.48

It thus seems that the maximum of electron density tluctuation occurs at
or near the same radial position in the ‘ t occupied by the maximum shear
region, This is an important finding with obvious applications to the
uyperscnic wake problem,

At radial positions beyond 71 = 1,45, the tluctuation level does not decay

as rapidly as expected. 1In fact it appears that trom the standpoint of
fluctuations the jet is much wider than evidenced bv the mean-ilow measure-
ments, There is presently no explanation ot this phenomenon available other
than the effect of intermittency. As is already shown in Paragraph 4.2,

the intermittent electron flow extends considerably farther from the axis
than the distribution of electron density. For example, at x = 30 inches,
the flow is intermittent still at ) = 5,5, whereas the e¢lectron density has
reached ambient (zero) value by M) = 4.5, Now in intermittent zones the
"turbulent"' signal is made up of a combination of real turbulence and

intermittency in a way given functionally by Corrsin and Kistler (Reterence 11),

In the example cited the intermittency coatribution should be prevalent in
the outer region, say in 4<7M<6, To test this, Figure 49 plots the \n/n
distribution at x = 30, Also plotted is the signal expected it it consisted
of the intermittency contribution alone, as given by the formulas developed
in Appendix B of Reterence 4:

1/2
\n _ (1 )
&k . | (59)
. N -90-
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FIGURE 49. TYPICAL RADIAL VARIATION OF NORMALIZED RMS ELECTRON DENSITY
FLUCTUATIONS ALSO SHOWING THE SUSPECTED CONTRIBUTION OF

INTERMITTENCY
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where Y 1is the intermittency factor. Near the axis, where Y = 1 the signal
is obviously all due to turbulence, but the curves cross around M= 2,3,
This is*surprising since it says that r2ar the jet edge the signal is
smaller than the minimum expected, The question is open at this juncture,
A likely explanation is that Equation (59) is oversimplified because it
assumes: (1) no electrons outside the jet, (2) an intermittency signal
idealized by "flat top" distribution, and (3) a jump in electron density
across the front which, at a point fixed near the jet edge, 1is constant

in time,

4.3.3 SPECTRA OF ELFCTRON DENSITY FLUCTUATIONS

Ip the previous reporting period, spectra of the electron density fluctua-
tions were taken at ail x and Y positions with a wave analyzer whose minimum
bandwidth was 200 Hz. These data, reduced during the current period, showed
two deficiencies connected with the very-low frequency range., First, many
of the spectra were recorded with an x-V r corder gain such that the low-
frequency spectral density weat off scale. Secondly, it was evident that
the spectral density dropped off rapidly in the first few hundred cycles,

so that measurements in that region were inaccurate due to the 200 Hz
bandwidth, Thus, the data could only be considered useful above a certain
frequency, which was set at 2 kHz.

To fill the low-frequency gap in each spectrum, all spectra were re-taken

in the 0-2 kHz range using the setup ot Figure 50, A Hewlett-Packard

Model No. 302A Wave Analyzer was used with a range of 50 kHz and bandwidth
fixed at 7 Hz. This bandwidth could resolve the spectral dersity at much
lower frequencies than betore, but it also introduced the classic output
unsteadiness typical ot sharply filtered low-frequency spectral analysis.,

To damp this out, a vacuun thermocouple was interposed between the wave
analyzer dc¢ output and the plotter. Figure 51 shows the transfer function
of the thermocouple which was used in the computerized data reduction
process to connect the dc¢ appearing at the plotter input to the filtered
output of the wave analyzer. With this equipment spectra were recorded from
0 to 2 kHz, Each of these spectra was then joined with its corresponding
predecessor (taken with the previous arrangement) at the 2 kHz point., In the
process, account was taken of the fact that the preceding spectra were in
terms of the root-mean-square, while the most recent ones in terms of the
mean-square spectra,

The data were reduced by the JEA-II (SRS 0024) computer program which is
described in Appendix A, This program gives an independent check of the
total rms fluctuation by integrating the area under each spectrum, After
‘the data was first reduced it developed that this cross-check did not con-
form with expectations. It was found that the Runge-Kutta integration
scheme used was not accurate for functions changing rapidly between adjacent
frequencies. The data were therefore processed again through the program
using a Simpson-type integration.

The electron density fluctuation spectra arc shown on Figures 52 through 58,
The first two f{igures show the spectra on the axis; the remainder show

-92-



FLOW INPUT

HOT-WIRE 4‘*

y

l

HEATING CIRCUIT

D.C. VOLTMETER

;i

LANGMUIR PROBE

—0 | o—
AMPLIFIER
COMPENSATING
AMPLIFIER

2 —0 l o—

;i

!

0SCILLOSCOPE

FIGURE 50.

-

-~

DISPLAY ANALYZER

WAVE ANALYZER

RMS VOLTMETER

}

AC/DC CONVERTER

)

-

;i

AC/DC CONVERTER

SWEEP DRIVE

VACUUM
THERMOCGUPLE
—0 | o=
DAMPING
CAPACITOR

1

_-r X-Y PLOTTER

B1442U

BLOCK DIAGRAM OF THE JET TURBULENCE ELECTRONICS

-93-



FULL
SCALE
INPUT

80

FULL-SCALE INPUTS: 1 MV RMS
10 MV RMS
100 MV RMS
60 |j=
40 =
INPUT FREQUENCY: 1 KHZ
20
0 ] ] ] | b
0 1 2 3

Bl443U

FIGURE 51. TRANSFER FUNCTION OF VACUUM THERMOCOUPLE USED TO CONVERT THE
SPECTRAL DENSITY SIGNAL INTO DC VOLTAGE

-94-



10 O~
r a
a
T
i 2
Angf))
An(0)
10" 34—
i Y=0
IO-JJ—
E S YMBOL X (INCH) x o8
° 18 X 4+
ke ) 20 - :
a 22 . i
24
a *%
il o 26 ’0
e 28 X [ ]
]
10°%4— » 30 x 0
- ™ 32 :
]
— ® % A f/U b
. [}
-5 \ I | \ { L | —
=10 .
0.01 0.1 1 10

Bléasal

FIGURE 52. NORMALIZED SPECTRAL DENSITY OF ELECTRON FLUCTUATIONS ALONG THE
JET AXIS
-95-



10”
Y=0
: AEEIU = 2
Angf!)
An(0)
¢
1072 |—
e 0
10-3 o
0
18 22 26 30 34 38
B1445U
X (INCH)

FIGURE 53. AXIAL VARIATION OF ELECTRON SPECTRAL DENSITY FOR EDDIES HALF

THE MACROSCALE SIZE, SHOWING THE DECREASING IMPORTANCE OF
SUCH EDDIES FAR FROM THE NOZZLE

-96-~



'\ E
]
o4
=]
b
°y
il “*
- 2 SLOPE é
0.1 p— “
2 %
Qn ) ‘oo
-
An (0) s
a4 o
“ (-]
— “00
[ ]
'V
2%
0.01 }— a
1 8%
(-]
X = 18"
SYMBOL Y (INCH)
0.001 ° 0
il ) 0.74
a 1.48
= a 2.22
=
0.0001 I ] | L 1 L i L
0.01 0.1 1 10
Aef B1446U
U
FIGURE 54. NORMALIZED SPECTRAL DENSITY OF ELECTRON FLUCTUATIONS AT 18 INCHES

FROM THE NOZZLE



(

1
0.1
2
An )
An(0)
0.01
a
F X = 22" =
(=] “
‘A
p— o
SYMBOL Y (INCH) o
0.001 ° 0
¥ o 0.74
a 1.48
- a 2.22
o 2.96
p—
| L 1| | 1 L | 1 1 I
0.0001
0.01 0.1 1 10
Aef
U B1447U

FIGURE 55. NORMALIZED SPECTRAL DENSITY OF ELECTRON FLUCTUATIONS AT 22 INCHES
FROM THE NOZZLE

-98-



a
(-]
5 o
= 3 SLOPE a
a o
.°
a
o
Q
®A o
= e Ao
2 ° : A
(-]
L .01 —
An(0) L ° .o
[ ] [ -]
*a
X = 26" o %Us
=3 [ ) 3 °
SVBOL  Y(INCH) . O
.001 | . .
4 ° 1.47
a 2.96
& e 4.463
.0001 1 L L L | L 1 I L
.01 0.1 1 10
Aef _
u Bl1448U

FIGURE 56. NORMALIZED SPECTRAL DENSITY OF ELECTRON FLUCTUATIONS AT 26 INCHES
FROM THE NOZZLE

-99-



(

On

4n(0)

(-]
&
o
(-]
'0
o
‘F.
° (-]
. (-]
a
° (-]
(-]
[ ]
~ [-]
&
— ¢°
[ ]
¢4
= [ -]
&
= [ ]
10 i_ 2 ®
N [ -]
[ ] ' Y
(-]
Py
=3
Y = 30" o
A e &
SYMBOL Y(INCH)
lo-ﬁb ° 0
- o 1.67 Lo
a 2.96
- N .63 o
o
i T R S W B 1 | 1 1
10 7 o A 1 10
Aot B1449U

u

FIGURE 57.

FROM THE NOZZLE -100-

NORMALIZED SPECTRAL DENSITY OF ELECTRON FLUCTUATIONS AT 30 INCHES



°
°
a
S
° o
10.‘ ) ao °
= LY
2 °°
o) :
&n(0) il .o‘
o
il ¢
a
°
-3
10 il ]
o ..‘
‘.‘
=
%%
a
X = 3" (1)
s
L)
SYMBOL  X(INCH) a
10°% ° 0 wd
1 ® 1.47 e
a 2.96 o:
= s 4.43 -
a0
o 5.90
o Ao
-5 Ll L L ] P |
10 0
.01 .1 1 1
Aot B1450V
u
FIGURE 58. NORMALIZED SPECTRAL DENSITY OF ELECTRON FLUCTUATIONS AT 34 INCHES

FROM THE NOZZLE

-101-



representative spectra at off-axis positions. The ordinate in these graphs
is in the square of the electron fluctuation spectral density and is

normal ized to the asymptotic value at zero frequency. The abscissa

ty = fAg/u is the frequency made dimensionless with the local integral scale
of electrons A, and the local velocity* u. For example, ty = 0.1 refers

to an eddy size ten times larger than the integral scale,

The axis spectra evolve along a characteristic pattern, According to
Figure 52, nearer the nozzle the decline of spectral deusity with frequency
is quite gradual, but becomes most precipitous at the four XSTATIONS. At
the latter, the spectra appear to become ''locked" to an invariant shape,
for which

( \n )2N f-4.6

An(0)

beyond .y>l. .t is further demonstrated by Figure 53 that the change in

th¢ spectral shapes occurs mainly between x = 24 inch and x = 28 inch, that
is, in the region where the tracsition from "heterogeneous' to "homogeneous"
turbulence occurs.

In the radial direction the change in spectral shapes is generally gradual

and small, especially at large X. In the "heterogeneous" portion, the spectral
density tends to decrease at the higher ifrequencies as one moves away trom

the axis. At larger X a slight but repeatable reversal occurs, so> that the
higher frequencies are more prominent on the axis and again near the jet

edge and less so in between.

It will be noted that in all graphs shown there is no portion of any spec-
trun where the spectral density decays with the (-5/3) power of trequency
as expected for an inertial subrange. This matter will be discussed in
detail in Paragraph 4.5.

The longituaginal scales (macroscales) of electron tfluctuations are derived

in the JEA-11 program trom the measured spectra by the usual formula:
)

. Mh (60)

u
¢ Ty (.\n)2

Here u is the local velocity and (\n)2 is the total (Lrequencv-xntekrated)
mean- square fluctuation in units of cm”®, The (\n(O))* is the contribution

to (\n) which comes from a one=cps=wide passband at t = 0; it has the

units (cm® 6) X (cps) = (cm'6) (sec'l) = (cm ) (sec), and has been

obtained trom the speci:al density. -hus,-‘e has the units of length, as

it should. To double-ctech the validity of (\n(0))2, thg program pertorms the
following integration from the mecasured spectrum (\a(f))“ versus f at each
point:

EINT f (An(£)) . df—- (61)

L
Since A g is proportional to u also, this nondimensional trequency is
independent of u.
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where fB is the tilter bandwidth (fg = 200 Hz and 7 Hz, respectively, in
the two sets of data obtained) . There is generally good agreement
between EINT and the mean-square electron fluctuation measured with a
voltmeter and shown on Figure 43.

The scales sO measured are shown, on the jet axis, on Figure 59. The
following observations are made: (1) the data are quite scattered

(2) initially the scale is high in the heterogeneous region, decreases
abruptly and increases slowly in the homogeneous region. Because of the
scat:er a gross-check was per formed after the spectral measurements,
where (\n)- and ( n(0))“ were recorded separately. The cross-check data
(filled-1in symbols on Figure 59), gave generally higher values, somewhat
less~scattered, than the spectral data. It turns out that the average of
both measurements has still lower scatter. Taking the last six XSTATIONS
and the point (x = 0, he = 0) the following straight line was fitted by
least squares:

S 0.034 x (62)

and the following proportionality between Ag and the transverse scale L
of the jet was found:

hg = 047 L (63)

As will be seen below, these formulas come very close to the scale magni-
tude for jets in the absence of reactions. Nevertheless the scatter,
typical of the technique rather than the experiment (see Retference 25),

is much worse than expected trom, Ssay, two-point correlation measurements.

Radial distributions of electron scales, already shown in last year's
report (Reference 6) are deferred until eddy velocity measdrements are
complete.

4.4 THE GAS TEMPERATURE FLUCTUATLONS
4.4.1 FLUCTUATION MAGNITUDES

The frequency-integrated magnitudes of the temperature fluctuation,

together with a discussion of the hot-wire technique, appear in Reference 6,
page 181. In the present period additional data were taken to corroborate
the earlier results, the latter were analyzed and compared with earlier
measurements in other laboratories, and certain improvements ir technique
were made.

The temperature fluctuations are shown on Figures 60 and 61. On the axis
these decrease in a rate nearly proportional to the decrease of the mean
temperature vdeficit" T(0)=Te. In the radial direction the tamiliar off-
axis increase in fluctuation intensity is noted, to a degree de pendent
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strongly on the manner by which AT is normalized.* There are expected
similarities between these results and those of Corrsin and Uberoi
especially in the ratio AT/ (T-T®) which attain a value of about 0.15 far
from the nozzle. The velocity fluctuat ions measured with the double
(correlation) probe are also shown on Figure 60. These peaks originally,
but eventually seem to level out to a value proportional to the axis
velocity u(o). Note the close correspondence between our data and the
data of Corrsin and Uberoi. However, it should also be added that from a
compar ison of Corrsin's data with their own, Wygnanski and Fielder
(Reference 25) conclude that true self-preservation of the turbulent jet
properties occurs quite late - probably in the range from 50 to 100 nozzle
diameters.

4.4.2 THE TEMPERATURE FLUCTUAT ION SPECTRA

During the current period, repeated measurements of the temperature
fluctuation spectra were made. In these measurements, as well as in inter-
pret ing previous data (see Reference 6, page 183) the main problem
encountered dealt with the hot-wire time constant, that is, with the change
of time constant as the constant-current wire is traversed through the

jet. Because of the changing thermal lag, this time-constant distorts

the transfer function (frequency response) »f the detecting equipment in

a way difficult to detect and compensate for. 1n practice the probe is
first moved outside the jet, the thermal lag measured by the oscilloscope
and the compensating amplifier switched on to the proper value of the time
constant. After traversing through the jet with this constant setting of
compensation, deviations of the time constant frow , setting could be
computed a nosteriori and used to correct the readi. (this procedure is
identical to that used in the supersonic wind-tunnel, (see Paragraph 2:9)%
This computation is, in turn, made from knowledge of the variation of wire
resistance through the jet.

In contrast to results obtained with the wake, the technique is not easy
to use in the jet.** For the 0.00014-inch-diameter wire used, a time-
constant oi 4.5 milliseconds was measured outside the jet. Initially the
data showed this value to increase to nearly 7 milliseconds in the flow.
Additional data showed that the increase inside the flow was not higher
than about 5 milliseconds, and that there was no increase at X = 30,

32, 34 and 36 inches. Anomalies at x = 28 inches were noted and these
data are not discussed herein.

The temperature spectra were recorded in two groups. In the frequency
band 2-20 kHz, a Hewlett-Packard Model No. 310A Wave Analyzer was used,
with its recorder output signal in a 200 Hz band channeled directly into
the X-Y plotter. In the range from O to 2 kHz, the signal was filtered

¥ %

cThe difficulties arise in the problems of heat transfer from cylinders
at extremely small Mach and Reynolds numbers (typically) 0.01 and 0.001,
respectively). A technical report on this problem is contemplated.
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outside the 7 Hz band ot a 302A Wave aAnalyzer, whose restored output 1s
channeled to a vacuum thermocouple and from there to the plotter. Capaci-
tor damping at the plotter input was used tor stabilizing the signal
further. The circuit is shown in Figure 50.

As with the electron spectra, spectra were recorded every two inches along
the jet axis from x = 24 inches to x = 36 inches, The torwvard limit,

x = 24 inches, was chosen for fear that closer to the nozzle the hot-wire
would melt. At each XSTATION, spectra were recorded at radial distances
snaced about 0.75 inch apart. The data were reduced with the aid ot the
SPECTR program written for the General Electric Time-Sharing System. An
access terminal to this computer is available on an almost full-time

basis for this work. Details of the program appear on Appendix B,

A summary of the temperature spectral results appear on Figures 62 through
65. As with the electron spectra, the ordinate in these graphs is
normalized with the spectral density at zero frequency. The trequency has
been non-dimensionalized with the integral scale 7 (which will be
discussed later) and the local axial velocitv u, Figure 62 shows the
evolution of these spectra on the axis, while the other figures show their
radial development at selected XSTATIONS. The spectra are remarkably
similar to each other and not tro ditferent from expectations. They seem
to fall into three broad categories:

Type 1: Nearer the nozzle and close to the axis the
high-frequency content is intense. The spectrum goes
as fN'5/3 where fy = Apf/u,

Type 11: Over the rest of the entire jet but not too
close to the edge the data collapse into a behavior
showing a gradual decrease of the spectral density
without any distinct regions where it follows the
(-3/3) slope. Typically at fy = 4, the spectral con-
tent is down a factor of 10 beiow the Type I spectra.

Type II11: At the edge of the jet, the high-frequency
content is still lower and the spectral decay some-
what steeper.,

The evolution of the spectra from one type into another is best illustrated
on Figure 63. It is very clear that on and near the axis one obtains the
(-5/3) slope. At Y = 1.47, the '"break" away from this behavior (Type I)
occurs at earlier frequencies. Also, the departure of the data at the

jet edge (Y = 6.6¢) from the Type II data is obvious. Tentatively, the
following conclusion is reached that Type I spectra are associated with

the "heterogeneous" jet, where the large electron density fluctuations

also occur. Type II are apparently connected with the "homogeneous" jet,
where the electron spectra also assume a constant shape.

An attempt was made to compare these data with spectra taken in other jets,
Of the latter there is only the data by Corrsin and Uberori (Reference 26).
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In Figures 66 and 67, the data are instead compared with more general
turbulent fiows from which some conclusion about the present data can be
drawn. It i5 seen that the Type 1 spectra are comparable with high-
Reynolds number flows where isotropy is expected. At lower Reynolds numbers
grid tutrulence compares well with Type 1l spectra. The interpolation
formula giving a dependence fN’ does not correlate well either type of
data.

The lorgitudinal integral scale of the temperature {luctuations is shown
on Figure 68. As with the electron scales the method ol measurement,
which utilizes the spectra, results in rather large scatter. The scales
are supposed to grow linearly with distance, and the least-squares it by
the straight line shbown has been forced to go through the virtual origin
of the jet (x = 12 inches). The linear growth 1is actually supported in
fact by the near-proportionality of At with the transverse scale L also
shown in Figure 68. The following relations emerge:

AT - 0.079 % (64)

Ap = 0.79 L (65)

It should be noted that these two relations imply that L = 0.076 x, which
is not far from the result found for this jet in Reference 2, page 78:

L = 0.079x (66)

A comparison of this result with previous experiments is also shown on

Figure 68. The excellent experiments of Wygnanski and Fielder (Reference 25)
at Boeing, have been chosen for the purpose. These data are chosen because
of their clear superiority in measur ing technique and abundance of points,
and also because they were obtained in the far jet where seli-preservation
has been attained. The velocity scale growth observed by Wygnanski and
Fielder is summarized as follows:

L = 0.053 x (67)

p, = 0.0385 x (68)
In comparing the present scale growth, Equation (64) with the Boeing result,
Equation (68), it should be stressed that the present jet is highly heated,
whereas the Boeing jet was cold (isothermal) . Also, Ar is the temperature,
whereas A, is the velocity scale. These two differences easily explain

the apparent and contrast of Figure 68, First, the prc.ent jet is thicker
because of the initially very high temperature, an effect predicted and
observed by Corrsin and Uberoi (Reference 26) and analyzed by Laufer
(Reference 27) and also immediately apparent from Equation (66) and (67).
1f "corrected" for the temperature effect the scale A, obtained by Boe ing
would move up by a factor of 0.079/0.053, from Equations (66) and (67):

0.079 -
A = 5053 0.0385 x = 0.057 x (69)
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In the second place, however, it is known (Refcrence 26) that the tempera-
turc scale is smaller than the velocity scale, so that value would again
decrease somewhat. In any way, the agreement with the Boe ing results is
good in view ot the scatter in the present data and the possibility that
the present jet has not yet become scli-preserving.

Two features of Figure 68 are important to the present problem: in both
the Boeing and the present jet, A/L is about constant at 0.75; in other
words, the longitudinal integral scale appears to be a constant fraction
of the jet width. Secondly, this ratio is apparently ncarly the same in
jets and wakes: note that about the same ratio A/L was obtained for the
WEB experiment (Reference 4, page 42).

4.5 COMPARISON OF ELECTRON AND TEMPERATURE FLUCTUATLONS
As it was noted in the introduction to this section (Paragraph 4,1), the

ultimate aim of this task is to establish a connection between elcctron
and temperature tluctuations in a turbulent plasma., Certain results in

this direction are now available and are summarized in Figures 69 through 72,

On Figurc 69, the ratio (An/n)/ (\T/T) is shown on the jet axis beyond

« = 26 inch, that is, in the region in which temperature fluctuation data
are available. The electron density fluctuation here predominates,
especially nearer the nozzle, where ratios as high as 5 are found. Note
that at x = 26 inches, the jet flcw is already beyoud the so=called
"heterogenecous' stage, implying that ratios much higher than 5 are probable
in the range 18 inch< x< 26 inch. Toward the tarthest point ol the axis

(x = 36 inch), the ratio approaches unity. Near the jet edge, as

Figure 70 shows, the ratio is as high as 10 or so.

Figures 71 and 72 plot the ratio ot electron-to-temperature [ {uctuations
resolved according to wave number. Physically, these graphs indicate the
desire? ratio separately for each eddy size. The two temperature spectral
types, I and II, are shown with their electron fluctuation counterparts

as drawn from Figures such as 52, 62, ctc. The abscissa has been adjusted
to wave number units by essentially rcmoving the scales A, and Ar from the
abscissas of the cited figures. Note that “or each eddy size <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>